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ABSTRACT 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  first  year  of  a  new  ONR  sponsored  University 
Research  Initiative  (URl)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control.”  For 
tins  report  tlie  activities  have  been  grouped  under  the  following  topic  headings: 

1 .  General  Summary  Papers. 

2.  Materials  Studies. 

3.  Composite  Sensors. 

4.  Actuator  Studies. 

5 .  integration  Issues. 

6.  Processing  Studies. 

7 .  Thin  Film  Ferroelectrics. 

In  material  studies  important  advances  have  been  made  in  the  understanding  of  the 
evaluation  of  relaxor  behavior  in  the  PLZT’s  and  of  the  order  disorder  behavior  in  lead 
scandium  tantalate;lead  titanate  solid  solutions  and  of  the  Morphoiropic  Phase  Boundary  in  this 
system.  For  both  composite  sensors  and  actuators  we  have  continued  to  explore  and  exploit 
the  remarkable  versatility  of  the  flextensional  moonie  type  structure.  Finite  element  (FEA) 
calculations  have  given  a  clear  picture  of  the  lower  order  resonant  modes  and  permitted  the 
evaluation  of  various  end  cap  metals,  cap  geometries  and  load  conditions.  In  actuator  studies 
multilayer  structures  have  been  combined  with  flextensional  moonie  endcaps  to  yield  high 
displacement  (50  |i  meter)  compact  structures.  Electrically  controlled  shape  memory  has  been 
demonstrated  in  lead  zirconate  stannate  titanate  compositions,  and  used  for  controlling  a  simple 
latching  relay.  Detailed  study  of  fatigue  in  polarization  switching  compositions  has 
highlighted  the  important  roles  of  electrodes,  grain  size,  pore  structures  and  microcracking  and 
demonstrated  approaches  to  controlling  these  problems.  For  practical  multilayer  actuators  a 
useful  lifetime  prediction  can  be  made  from  acoustic  emission  analysis. 

New  modelling  of  2:2  and  1:3  type  piezoccramic:polymer  composites  has  given  more 
exact  solutions  for  the  stress  distribution  and  good  agreement  with  ultradilatometcr 
measurements  of  local  defonnations.  Composites  with  1:3  connectivity  using  thin  wall  ceramic 
tubes  appear  to  offer  excellent  hydrostatic  sensitivity,  unusual  versatility  for  property  conutjl 
and  the  possiblity  to  use  field  biased  electrostrictors  in  high  sensitivity  configurations. 
Processing  approaches  have  continued  to  use  reactive  calcining  and  have  supplied  the  group 
with  the  wide  range  of  ceramics  used  in  these  studies.  For  lead  magnesium  niobate:lead 


ABSTRACT  (continued) 


titanate  solid  solutions  grain  size  effects  in  samples  of  conimerical  purity  have  been  traced  to  a 
thin  (-20  n  meter)  glassy  layer  at  the  grain  boundary.  In  parallel  with  the  ONR  URI  the 
laboratory  has  extensive  DARPA  and  Industry  sponsored  research  on  ferroelectric  thin  films,  a 
very  short  selection  of  mo.st  relevant  papers  has  been  included  for  the  convenience  of  users. 
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APPENDIX  16 
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PIEZOELECTRIC.  DIELECTRIC.  AND  ELASTIC  PROPERTIES  OF 
POLY(VlNYLlDENE  FLUORIDE/TRIFLUOROETHYLENE) 

H,  Wang.  Q.  M.  Zhang,  and  L.  E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 

A.  O,  Sykes 

Acoustical  Research  and  Applications 
Vienna,  VA  22180 

The  complete  piezoelectric  coefficient,  dielectric  constant,  and  elastic  compliance 
matrices  have  been  determined  on  poly(vinylidene  fluoride/trifluoroeihylene)  (PVDF-TrFE) 
(75/25)  copolymer  at  room  temperature  and  a  frequency  of  500  Hz.  The  temperature 
dependence  of  each  of  the  complex  piezoelectric  coefficients  and  complex  dielectric 
constants  has  been  measured  in  the  temperature  range  of  -100  ~  65  oC.  The  frequency 
dependence  of  these  coefficients  has  also  been  measured  at  room  temperature.  It  is  found 
that  the  relaxation  observed  in  the  tensile  piezoelectric  coefficients  of  this  material  is 
different  from  that  of  the  dielectric  constants,  whereas  the  relaxation  of  the  piczoelectnc 
shear  constants  shows  behavior  similar  to  that  of  the  dielectric  constants. 

PACS  numbers:  77.60.  +v,  77.20.  +y. 
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INTRODUCTION 

Polyvinylidene  fluoride  (PVDF)  and  its  copolymers  with  irifluorocihylenc(TrFE)  or 
teirafluoroeihylenc  (TFE)  have  become  imponant  piezoelectric  materials  for  transducer 
applications.  Compared  with  inorganic  piezoelectric  materials,  these  materials  have  high 
mechanical  flexibility,  low  acoustic  impedance,  and  can  be  easily  molded  into  desirable 
forms.  The  piezoelectric  coefficients  of  the  materials  arc  higher  compared  with  other 
piezoelectric  polymeric  materials.  In  the  past  two  decades,  a  large  number  of  investigations 
have  been  conducted  to  improve  the  perfomiancc  and  to  explore  the  physical  bases  of 
piezoelectricity  and  fcrroclectricity  of  these  materials.*"^ 

Like  other  piezoelectric  materials,  the  linear  coupling  of  mechanical  and  electrical 
effects  of  PVDF  and  its  copolymers  is  described  by  the  constitutive  equations.  These 
equations  contain  the  piezoelectric,  dielectric,  and  elastic  coefficients  which  a::  all 
important  material  parameters  for  both  device  design  and  fundamental  understanding  of  the 
materials.  For  a  stretched  and  poled  PVDF-typc  polymer,  its  symmetry  properties  belong 
to  point  group  mm2.  The  piezoelectric  coefficient,  dielectric  constant,  and  clastic 
compliance  matrices  have  the  forms  of: 

I  0  0  0  0  di50\ 

0  0  0  d24  0  0  , 

\  d3i  d32  d33  0  0  O' 


Ku 

0 

0 


0  0  \ 
K22  0  , 

0  K33/ 


and 


sil  S12  513  0  0  0  \ 

512  522  523  0  0  O' 

513  523  533  0  0  0 

0  0  0  S4  4  0  0  ’ 

0  0  0  0  S5  5  0 

0  0  0  0  0  S66 


where  the  coordinate  axis  1  refers  to  the  polymer  chain  di  -ciion  (stretch  direction),  3  the 
poling  direction,  and  2  the  axis  orthogonal  to  1  and  3  axes.  Experimental  evidence  has 
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shown  that  these  coefficients  vary  with  polymer  processing  methods  even  for  samples  with 
the  same  composition  and  the  same  measuring  conditions.  For  the  purpose  of  application 
and  fundamental  understanding  of  these  materials,  it  is  desirable  to  establish  a  complete 
data  base  to  characterize  all  these  properties  on  samples  with  sinntilar  processing  conditions. 
However,  as  can  be  seen  in  table  I,  which  presents  the  typical  experimental  results  for 
piezoelectric,  dielectric,  and  compliance  coefficients  of  PVDF  materials  available  in  the 
literature,  in  spite  of  extensive  investigations  in  the  past,  the  characterization  of  the 
materials,  especially  copolymers,  is  far  from  being  complete.  For  example,  although  the 
piezoelectric  tensile  coefficients,  especially  d3i,  have  been  studied  extensively  using 
quasistatic  methods,  there  is  little  information  about  the  imaginary  pan  of  these  coefficients. 
Funhermore,  few  measurements  of  the  shear  coefficients  have  been  made.  The  experiment 
results  from  various  groups  differ  significantly  and  they  cannot  be  used  to  consistently 
describe  the  physical  properties  of  the  materials. 

In  this  paper,  the  experimental  results  from  recent  studies  on  a  P(VDF-TrFE)(75/25) 
copolymer  are  presented.  The  matrix  elements  of  the  piezoelectric,  dielectric,  and  clastic 
compliance  coefficients  have  been  measured  at  room  temperature  (22  ®C)  and  a  frequency 
of  500  Hz.  Both  real  and  imaginary  pans  of  the  piezoelectric  and  dielectric  constants  were 
measured  over  wide  frequency  and  temperature  ranges. 

EXPERIMENTAL  WORK 
(1)  Sample  preparing 

Poled  P(VDF-TrFE)  (75/25)  copolymer  plates  purchased  from  Atochera  North 
America  Inc.  (Pan  No.  A002335-00)  were  in  two  thicknesses  of  0.5mra  and  10  mm.  From 
these  plates,  test  samples  were  cut  into  suitable  shapes  and  sizes  for  measuring  the 
dielectric,  piezoelectric,  and  elastic  compliance  constants.  Samples  for  the  measurements  of 
the  tensile  piezoelectric  coefficients  d3i  (i=l,  2,  and  3)  and  dielectric  constant  K33  were  cut 
from  0.5  mm  thick  plate  while  samples  for  the  measurements  of  the  shear  piezoelectric 
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coefficients  dis  and  d24  and  dielectric  constants  Ki  i  and  K22  were  cut  from  10  mm  thick 
plate.  For  elastic  compliance  measurements,  samples  were  made  into  square  rods  from  the 
10  mm  thick  plate  with  their  length  along  the  direction  in  which  the  measurement  was 
made. 


(2)  Measurement  details 

Complex  piezoelectric  coefficient,  dielectric  constant  and  elastic  compliance  are 
defined  as  following:^ 

dij  =  d'ij  ~j  d  ij 

Kji  =  K*ii-y  K”ii  (1) 

Sjk  =  s  jk  *  j  s"jk 

where  i  =1,  2,  3,  and  j,  k  =  1,  2, ....  6. 

The  piezoelectric  coefficients  were  measured  by  utilizing  a  laser  ultra-dilatomcter.^ 
Making  use  of  the  converse  piezoelectric  effect,  strain  xj  induced  by  an  alternating  electric 


field  Ei  was  tneasured  and  the  piezoelectric  coefficients  were  determined  by 

dx 

(j.  ~ - (2) 

BE, 

Depending  on  the  coefficient  to  be  measured,  either  the  single  beam  or  double  beam  laser 
dilatometer  was  used.^  As  demonstrated  previously.*  the  system  is  capable  of  detecting 
both  the  amplitude  and  phase  angle  of  the  field  induced  strain,  thus  yielding  the  real  and 
imaginary  part  of  the  piezoelectric  strain  coefficients. 

It  should  be  pointed  out  that  in  general,  for  piezoelectric  constant  measurement,  the 

quantity  determined  from  the  direct  piezoelectric  effect  is  Ai"5Tj  *  '^hcre  Aj  is  the  area  of 
the  electrodes  in  the  unstrained  sample  with  its  normal  along  i  direction.  Qj  the  charges  on 


the  electrodes,  and  T  the  stress  applied  on  the  sample.  It  can  be  shown  that 


^Qi  ^  ^  Di^Ai| 

AjBTje  AjdTjE 


(3) 
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where  D  is  the  electric  displacement.  The  first  lenn  on  the  right  hand  side  of  the  equation  is 
the  djj  defined  in  IEEE  standard. ^  For  conventional  piezoelectric  ceramics,  the  second  icnn 
on  the  right  hand  side  is  much  smaller  than  the  first  term  and  therefore  the  quantity 
measured  from  the  direct  piezoelectric  effect  is  practically  equal  to  dij.  However,  for 
polymeric  piezoelectric  materials,  the  second  term  is  not  negligible.  It  can  also  be  shown 
that  the  piezoelectric  strain  coefficients  dij  determined  from  the  converse  effect  (Eq.  (2))  is 
equal  to  the  right  hand  side  of  Eq.  (3).^  Hence,  the  direct  effect  and  converse  effect  yield 
the  same  piezoelectric  constants,  and  in  practice,  they  are  the  physical  parameters  of 
interest. 

A  capacitance  bridge  (General  Radio)  was  used  to  measure  the  dielectric  constants  . 
For  K33,  an  impedance  analyzer(HP)  was  used  to  carry  out  the  measurement  at  higher 
frequencies. 

In  the  piezoelectric  and  dielectric  constant  measurements,  temperature  was  regulated 
by  a  microminiature  refrigerator  system  (MMR  Technologies  Inc.).  The  temperature 
variation  throughout  the  measurement  was  less  than  0. 1  K. 

The  principal  diagonal  components  of  the  elastic  compliance  matrix  were  measured  by 
a  dynamic  compliance  measuring  apparatus  (DCA),  developed  at  Acoustical  Research  and 
Applications.  The  off-diagonal  components  were  measured  by  using  the  DCA  in 
conjunction  with  the  double  beam  laser  interferometer.  The  DCA,  shown  in  Fig.  1. 
consisted  of  a  massive  stiff  frame,  a  calibrated  piezoelectric  displacement  generator  and  a 
force  gage.  Both  the  generator  and  the  force  gage  were  rigidly  attached  to  the  frame, 
between  which  a  sample  of  the  material  to  be  tested  can  be  inserted. 

RESULTS  AND  DISCUSSION 

The  results  of  the  complex  piezoelectric,  dielectric,  and  elastic  constants  on  P(VDF- 
TrFE)  (75/25  )  samples  acquired  at  room  temperature  and  a  frequency  of  500Hz  are 
presented  in  the  column  I  of  tabic  I  for  comparison  with  those  from  the  literature.  To  our 
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knowlexige,  this  set  of  piezoelectric,  dielectric,  and  compliance  coefficient  data  is  the  most 
complete  currently  available  for  any  PVDF  copoly-mcric  materials. 

To  avoid  the  possible  clamping  effect  of  the  two  ends  of  the  sample  rods  inserted  in 
the  DCA  on  the  measured  elastic  compliance,  samples  with  length  to  width  ratio  (aspect 
ratio)  of  10  were  used.  All  the  measurements  were  repeated  several  times  and  the  data  can 
be  reproduced  within  5  %.  To  further  confirm  that  the  end  clamping  effect  is  negligible 
here,  we  also  performed  the  measurement  with  samples  of  aspect  ratio  of  5  and  the  results 
are  basically  the  same  as  those  acquired  from  the  samples  with  aspect  ratio  of  10.  For  a 
piezoelectric  material,  its  elastic  compliance  can  also  be  measured  by  piezoelectric 
resonance  technique.  For  the  copolymer  samples.  S3i^  was  also  measured  by  utilizing  the 
resonance  technique  and  the  result  was  consistent  with  that  from  the  DCA. 

Shown  in  Fig.  2  and  Fig.3  respectively  arc  the  temperature  dependences  of  the 
piezoelectric  and  dielectric  constants  at  a  frequency  of  500Hz.  The  measured  Curie 
temperature  of  this  material  is  1 15  °C.  These  results  reveal  several  interesting  features.  In 
contrast  to  drawn  PVDF,  which  is  very  anisotropic  piezoclectricaJIy  in  the  plane 
perpendicular  to  the  poling  direction,  and  for  which  d3i  and  d32  exhibit  very  different 
magnitudes  and  temperature  dependences,  very  small  difference  in  magnitude  and 
temperature  dependence  were  observed  between  d3i  and  d32  for  this  copolymer.  The 
piezoelectric  constants  d3i  and  d32  increase  with  temperature  much  faster  than  d33,  dis, 
and  d24.  Additionally,  higher  losses  were  measured.  On  the  other  hand,  the  dielectric 
constants  along  three  axes  exhibit  nearly  idendcal  temperature  dependences. 

For  PVDF  and  its  copolymers,  experimental  evidence  has  shown  that  the  mesoscopic 
morphology  is  that  of  crystalline  lamellae  embeded  in  an  amorphous  region  of  disordered 
polymer  chains.  Hence,  the  piezoelectric  response  is  governed  by  the  mechanically 
induced  change  of  the  mechanical  and  electrical  fields  distribution  within  the  amoiphous 
and  crystalline  regions.  It  has  been  proposed  that  there  are  two  major  contributions  to  the 
piezoelectric  response  in  these  materials:  the  intrinsic  change  of  polarization  (biased 
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electrostricdon  effect),  and  the  change  of  the  sample  dimensions  while  electric  moments  arc 
Fixed  (dimensional  effect).  The  dimensional  effect  contribution  was  calculated  by  using  a 
model  of  dipoles  dispersed  in  an  amorphous  medium.'*  For  example,  the  dimensional 
conuibution  to  d33,  from  this  model,  is  -PrS33,  where  Pr  is  the  remanent  polarization  and 
S33  is  the  clastic  compliance.  Pf  measured  for  this  sample  is  5.4  pC/cm^,  hence,  the 
dimensional  effect  contribution  to  d33  is  '16.2  pC/N,  which  is  about  50  %  of  the  total  d33. 
However,  for  the  shear  components,  this  contribution  is  extremely  large  when  calculated 
using  this  model.  For  example,  the  dimensional  effect  contribution  to  dis  is  -520  pC/N.  If 
the  model  is  correct  the  contributions  from  the  intrinsic  and  dimensional  effects  arc  in 
opposite  signs  in  shear  constants  and  they  almost  cancel  out,  resulting  in  a  small  total 
coefficient 

For  PVDF  homopolymer  there  usually  exist  three  relaxation  processes  associated 
with  different  types  of  segment  motion  in  the  material.  The  a  relaxation  occurs  at 
temperature  above  55  ^C,  P  near  -40  °C,  and  y  near  -70  ®C  Previous  studies  have  shown 
that  a  relaxation  is  associated  with  molecular  motion  in  crystalline  regions  of  a-phase,  the 
P  relaxation  with  the  segment  motion  in  the  amorphous  regions  and  hence  signifies  the 
glass  transition,  and  the  y  relaxation  with  local  motion  in  the  amorphous  regions.  For  this 
P(VDF-TrFE)  (75/25)  copolymer,  only  p  relaxation  was  observed  at  temperature  around  - 
30  oC.  This  together  with  the  x-ray  diffraction  data*®  indicate  that  the  crystalline  phase  in 
this  copolymer  is  P-phase.  The  interesting  feature  is  that  the  loss  peaks  related  to  the  p 
relaxation  in  the  dielectric  curves  are  about  20  degrees  higher  than  those  in  the  tensile 
piezoelectric  coefficient  curves,  i.  e.,  the  dielectric  loss  peaks  arc  at  about  -20  °C  while  the 
loss  peaks  in  the  tensile  piezoelectric  coefficients  are  at  -40  ^C.  More  interestingly,  the  loss 
peaks  in  the  shear  piezoelectric  coefficient  curves  are  almost  at  the  same  temperature  as 
those  of  the  dielectrics. 

Fig.  4  shows  the  frequency  dependence  of  the  dielectric  constant  K33.  The  relaxation 
observed  near  1  MHz  in  the  K33  spectrum  is  associated  with  P-relaxation,  as  has  been 
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identified  from  the  earlier  studies  on  the  PVDF  homopolymer.**  Kn  and  K22  were 
measured  in  the  frequency  range  from  100  Hz  to  100  KHz  and  their  dependences  on 
frequency  are  similar  10  that  of  K33.  No  frequency  dispersion  was  observed  for 
piezoelectric  d  constants  in  the  range  of  100Hz-5KHz. 

In  conclusion,  the  complete  piezoelectric  coefficient,  dielectric  constant,  and  clastic 
compliance  matrices  have  been  determined  on  P(VDF-TrFE)  (75/25)  copolymer  at  room 
temperature  and  a  frequency  of  500  Hz.  The  frequency  and  temperature  dependences  of  all 
five  complex  piezoelectric  coefficients  as  well  as  three  complex  dielectric  constants  have 
been  characterized. 

ACKNOWLEDGMENT 

This  work  was  supported  by  the  Naval  Undersea  Warfare  center’s  Small  Business 
Innovation  Research  (SBIR)  program  under  contract  N66604-90-C1558  (Low  Cost 
Acoustic  Sensor  Technology),  and  the  Office  of  Naval  Research. 


9 


REFERENCES: 

1  G.  M.  Sessier,  J.  Acoust.  Soc.  Am.  70,  1596  (1981). 

2  M.  G.  Broadhurst,  G.  T.  Davis,  and  J.  E.  McKinney,  J.  Appl.  Phys.,  49,  4992 
(1978). 

3  R.  G.  Kepler  and  R.  A.  Anderson,  J.  Appl.  Phys.,  49,  4490  (1978). 

4  T.  Furukawa,  J.  X.  Wen,  K.  Suzuki,  Y.  Takashina,  and  M.  Date,  J.  Appl.  Phys.,  56, 
829  (1984). 

5  R.  Holland  and  E.  P.  EerNissc,  "Design  of  Resonant  Piezoelectric  Devices", 
(Cambridge,  Mass.,  M.  I.  T.  press,  1 969). 

6  Q.  M.  Zhang,  S.  J.  Jang  and  L.  E.  Cross,  J.  Appl.  Phys.,  65,  2807  (1989). 

7  W.  Y.  Gu,  W.  Y.  Pan,  and  L.  E.  Cross,  Materials  Letters,  8, 3  (1989). 

8  W.  Y.  Pan,  H.  Wang  and  L.  E.  Cross,  Jpn.  J.  Appl.  Phys.  29,  1570  (1990). 

9  IEEE  Standard  on  Piezoelectricity,  ANSI/IEEE  Std  176-1987. 

10  Unpublished  data  from  the  authors. 

11  T.  T.  Wang,  "The  Application  of  Ferroelectric  Polymers”,  (New  York,  Chapman  and 
hall,  1988). 


FIGURE  CAFFIONS 

Fig.  1  Schematic  drawing  of  the  Dynamic  Compliance  Apparatus. 
Fig.  2  Piezoelectric  strain  coefficients  as  functions  of  temperature. 
Fig.  3  Dielectric  constants  as  functions  of  temperature. 

Fig.  4  Dielectric  ccHistant  K33  as  function  of  frequency. 
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G:  Force  Gage 
D:  Displacement  Generator 
S:  Test  Sample 
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hi  hydrophone  application.  PVDF  and  its  copolymers  provide  high  sensitivity  bec.tu'.v  oi 
high  piezoelectric  voltage  coefficient  gb  and  large  figure  of  merit  dbgb  By  using  metal  plait*'-  as 
electrode,  samples  can  be  inechanically  clamped  in  the  platie  perpendicular  to  tiie  polar  diiei 
and  the  transverse  piezoelectric  responses  can  be  almost  eliminated.  Compared  with  non-cl.utipt'tl 
samples,  the  hydrostatic  coefficient  dfa  as  well  as  gh  of  clamped  samples  can  be  iiu-icascii 
significantly.  In  this  work  ,  the  temperature  and  pressure  dependence  of  dh,  gi).  and  dielet  itit 
constant  of  clamped  P(VDF-TrFE)  (75/25)  copolymer  are  investigated.  The  etteci*^  ot  tin  .t'Mpk' 
dimensions  and  other  parameters  on  the  clampuig  are  studied.  Based  on  the  constitutive 
the  expressions  for  effective  piezoelectric  strain  coefficient  (i=l,  2.  and  .^t  of  a  clamped 
sample  are  derived,  and  the  hydrostatic  strain  coefficient  db  derived  from  the  direct  .in-i  flu- 
converse  piezoelectric  effects  are  compared.  The  experimental  results  arc  in  good  agreement  "  iili 
the  calculations. 


INTRODUCTION 


In  hydrophone  applications,  piezoelectric  materials  are  used  as  a  sensor  of  hydrostatic 

pressure  wave.  The  sensitivity  of  a  hydrophone  is  measured  by  the  piezoelectric  voltage  coefficient 

gh(=g3l+g32+g33).  the  strain  coefficient  dh(=d3i+d32+d33),  and  most  importantly  the  figure  of 

merit  dhgh  of  the  material.  The  coefficient  gh  is  defined  as  the  ratio  of  electric  field  to  the  change  of 

hydrostatic  pressure,  while  dh  is  the  ratio  of  charges  induced  on  a  sample  to  the  change  of 

hydrostatic  pressure.  The  relationship  of  these  two  coefficients  is  as  follow: 

dh 

gh  =  -—  (1) 

£0^33 


where  £33  is  the  dielectric  constant  along  the  polar  direction  and  $0  is  the  free  space  permittivity. 

Recently,  polyvinylidene  fluoride  (PVDF)  and  its  copolymers  with  trifluoroethylcne 
(P(VDF-TrFE))  have  attracted  increasing  attention  for  hydrostatic  applications.  1*3  Although  the 
magnitude  of  the  piezoelectric  strain  coefficient  d33  of  PVDF  is  almost  one  order  lower  than  those 
of  conventional  piezoelectric  ceranucs,  such  as  lead  zirconia  dtanate,  its  dh  coefficient  is  about  the 
same  order.  Moreover,  because  of  the  significantly  lower  dielectric  constant,  the  piezoelectric 
voltage  coefficient  gh  of  PVDF  polymer  is  much  higher,  thus  resulting  in  a  higher  hydrostatic 
figure  of  merit  dhgh-  Tlie  relatively  low  acoustic  impedance  of  PVDF  type  materials  closely 
matches  that  of  water  and,  therefore,  allows  good  acoustic  coupling  from  the  polymers  into  water 
and  vice  versa.  PVDF  type  materials  also  possess  several  other  advantages  over  conventional 
piezoelectric  ceramics  such  as.  mechanical  flexibility,  low  cost,  and  the  ability  to  be  formed  into 
different  shapes  easily. 

Since  the  cancellation  between  the  Iongitudinal(d33)  and  the  transverse(d3i  and  d32) 
piezoelectric  responses  reduces  dh  value,  it  is  conceivable  to  increase  dh  by  modifying  the  stress 
distribution  pattern  in  a  sample  so  that  one  of  these  responses  is  significantly  reduced  while  the 
other  is  kept  almost  intact  For  PVDF  and  Us  copolymers,  because  of  their  low  clastic  moduli 
compared  with  metals,  it  is  possible  to  clamp  a  sample  in  the  plane  perpendicular  to  the  poling 
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direction  by  using  metal  plates  as  electrodes  to  eliminate  the  hydrostatic  responses  from  that  plan. 
As  shown  in  Fig.  1,  the  pressure  in  the  plane  direction  is  borne  mostly  by  the  metal  electrodes 
which  effectively  shield  the  polymer  from  the  pressure  in  that  direction,  resulting  in  a  larger  dh 
value  of  the  sample. 

In  this  paper,  the  results  of  the  recent  investigations  on  the  clamping  effect  of  metal  plates  on 
piezoelectric  and  dielectric  responses  of  P(VDF'TrFE)  (75/25)  copolymer  are  f  resented.  The 
experimental  data  are  compared  with  the  results  derived  from  the  constitutive  relations.  Several 
parameters  affcctitig  the  clamping  effect  are  discussed.  The  temperature  and  pressure  dependences 
of  these  properties  were  also  studied. 

EXPERIMENTAL  WORK 

P(VDF-TrFE)  (75/25)  poled  samples  were  provided  by  Atochem  North  America  Inc,. 
Samples  of  two  different  thicknesses  were  used  to  study  the  influence  of  thickness  ratio  of 
polymer  to  metal  plate  on  the  clamping  effect.  As  shown  in  Fig.  1,  the  thickness  of  the  metal 
plates  (brass)  th  was  fixed  at  0.17  mm  for  all  the  samples.  For  copolymer,  the  two  thicknesses 
(tP)  were  0.5  mm  and  2.0  mm,  respectively.  The  0.5  mm  thick  copolymers  were  directly  from 
extrusion  and  the  2.0  mm  thick  ones  were  made  by  bonding  four  layers  of  0.5  mm  thick 
copolymer  together  using  non-conductive  epoxy.  The  loul  thickness  of  samples  was,  therefore, 
2t^+tP.  For  comparison,  copolymer  samples  without  metal  plates  were  also  studied.  For  these 
samples,  silver  ink  was  used  for  electrodes. 

A  laser  interferometer  was  employed  to  measure  the  longitudinal  and  the  transverse  strains 
xiP  (i=l,  2,  and  3;  the  superscript  p  refers  to  the  strain  in  copolymer)  induced  by  an  electric  field. 
The  effective  piezoelectric  coefficient  d3i'  (i=l,  2,  and  3)  of  a  sample  was  detennined  through 

-  — 

converse  piezoelectric  effect,  that  is,  where  E3  is  the  applied  electric  field.  For  a 


piezoele<.tric  matcriaJ  with  free  boundary  condition,  the  hydrostatic  piezoelectric  coefficient  dh  can 
be  determined  through  its  tensile  coefficients,  i.e.,  dh=d33+  d3i+  d3i.  However,  for  clamped 
samples,  the  dh  coefficient  determined  from  the  converse  piezoelectric  effect  is  not  equal  to  that 
obtained  from  the  direct  effect.  Hence,  dh  was  also  measured  through  the  direct  piezoelectric  effect 
in  which  electrical  charges  induced  on  electrodes  were  measured  when  a  sample  was  subjected  to  a 
hydrostatic  pressure.  The  dielectric  constants  were  measured  by  a  capacitance  bridge  (General 
Radio).  A  microminiature  refrigerator  system  (MMR  Technology  Inc.)  was  used  to  provide  the 
temperature  regulation  for  the  temperature  depcndance  of  the  piezoelecuic  and  dielectric  constants 
measurements. 

CLAMPING  EFFECT  ON  PIEZOELECTRIC  COEFBCIENTS 
£1)  Tensile  coefficients 

When  an  electric  field  along  the  3-direcdon  is  applied  to  a  clamped  sample,  as  schematically 
drawn  in  Fig.  1,  a  strain  field  is  induced  in  the  polymer.  Clearly,  the  brass  electrodes  tend  to 
reduce  this  strain  field,  and  this  effect  is  equivalent  to  having  external  stresses  TjP  and  T2P  applied 
on  the  polymer  in  the  plane  perpendicular  to  the  poling  direction.  It  is  assumed  in  the  following 
discussion  that  TiP  and  T2P  are  uniform  in  the  polymer.  From  the  constitutive  equations,  when 
subjected  to  an  electric  field  E3,  a  clamped  polymer  sample  has  strains 

x^d3iE3+5W+s?2T^  (2a) 

x;=  d3jE3+  s?2T?+  sfiT?  (2b) 

x;=d33E3+s^Tf+sf3T5  (2c) 

where  sP  is  the  clastic  compliance,  d  is  the  piezoelectric  strain  coefficient  of  the  polymer  under 
stress  free  condition.  The  superscript  p  refers  to  copolymer.  In  the  above  equations  it  is  assumed 
that  d3i=d32,  sii=S22.  and  si3=S23  because  the  piezoelectric  and  clastic  anisotropies  in  the  plane 
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perpendicular  to  the  poling  direction  of  this  material  are  very  small.^  The  effective  piezoelectric 
strain  coefficient  d3i^  of  a  laterally  clamped  sample  can  be  defined  by  the  following  equation: 

xf=d5iE3  (i=1.2.3)  (3) 

For  a  given  electric  field,  the  three  effective  tensile  coefficients  are  not  independent.  They  are 
related  by  the  following  equation: 

J  .  s'j’3(d3i  +  d52- 2d3i)  ,4^ 

d33=d33+ - - - - -  (4) 

To  derive  d3i‘^  from  Eqs.  (2)  and  (4),  it  is  necessary  to  find  the  expressions  of  TiP  and  T2P, 
which  depend  upon  tlie  properties  of  the  polymer  and  the  brass.  In  this  composite  configuration  of 
sample,  two  conditions  can  be  used.  The  first  one  is  the  static  equilibrium  condition.  From 
Newton's  third  law,  the  total  force  exerted  on  the  polymer  by  the  brass  plates  is  equal  in  magnirndc 
and  opposite  in  sign,  respectively,  to  that  on  the  brass  plates  by  the  polymer.  This  can  be 


expressed  as  follows; 


Tjt^=-2T5t‘’ 


where  the  superscript  b  refers  to  the  brass  electrodes,  tP  and  t*’  arc  the  thicknesses  of  the  polymer 
and  the  brass  plate,  respectively.  The  lateral  strains  in  the  brass  plates  induced  by  the  stress  field  in 


the  brass  plates  arc 


b  b  .-.b  b  _b 

Xj-  SjiTj  +  S12T2 

b  b^b.  b.-b 

X2*  Si2Ti+  ShT2 


The  second  condition  is  the  equal  strain  relation  which  states  that  the  lateral  strains  in  the  two 
materials  should  be  equal,  that  is 

x5=xf  (7a) 

X2=X2 
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It  will  be  shown  later  that  Eqs.  (7)  are  valid  only  when  the  electrode  dimensions  along  1  and  2 
directions  arc  much  greater  than  the  thickness  of  the  polymer.  Solving  these  equations,  we  can 
obtain; 

4*4- - -  (8) 

iKsu  +  Sij) 

where  7  =tP/t'’  is  the  thickness  ratio.  Using  Eq.  (4),  the  expression  for  d33‘^  can  be  found.  From 
Eq,  (8),  it  is  clear  tltat  the  reduction  of  d3i‘=  and  d32‘^  can  be  adjusted  through  two  parameters:  the 
thickness  ratio  y  and  the  elastic  compliances  ratio  of  the  polymer  to  the  brass  plate.  To  effectively 
eliminate  d3i'  and  a  smaller  y  and  metal  plates  with  high  clastic  moduli  are  preferred.  Also 
form  the  Eq.  (8),  clamping  is  more  effective  for  polymers  with  smaller  Poisson’s  ratio. 


(2)  Hydrostatic  strain  coefficient  dh 

Similar  to  normal  piezoelectric  materials,  the  effective  hydrostatic  piezoelectric  strain 
coefficient  dh^  of  a  clamped  sample  is 

«h'=  (») 

Using  the  results  from  the  preceding  section,  the  hydrostatic  strain  coefficient  under  clamping 


condition  is  obtained  as  following: 


jc_  j  2yfs,j+ -  4si3 

dh=  d2j+d3i — - - — 


(10) 


y(s  J1+  5^2)  +  2(sjj+  S|2) 

For  a  sample  under  clamping  condition,  the  effective  tensile  coefficients  d3i<^0=l,2,  and  3)  derived 
above  through  the  converse  effect  arc  not  equal  to  those  derived  through  the  direct  cficcL  So  the 
effective  hydrostatic  strain  coefficient  determined  by  Eq.  (10)  is  not  the  same  as  that  determined  by 
the  direct  effect.  For  the  direct  effect,  dh  can  be  measured  directly  without  measuring  individual 
tensile  coefficients.  For  comparison,  the  expression  for  effective  hydrostatic  piezoelectric 
coefficient  of  a  clamped  sample  derived  through  the  direct  effect  is  given  below: 


(11) 


j'-  j  .j  2(y+2)(Sii+ Sj2)  -  4(sj3*  S12) 

Oh-  013+031 - - - - - - - - - 

Y(Sjj  +  Sij)  +  2(Sjj  +  Sj^ 

The  derivation  of  Eq.  (1 1)  is  similar  to  that  of  Eq.  (10).  Apparently,  the  measured  results  from  the 
two  effects,  in  general,  are  not  equal  when  a  sample  is  clamped.  The  difference  of  dti  value 
between  the  two  effects  is 


4sji  +  8S|2 


'If 


Tfs  31  +  s  J2)  +  2(s  11  +  s  12) 


(12) 


Obviously,  the  more  effective  the  clamping,  the  bigger  the  difference.  For  free  samples,  there  is  no 
such  difference.  For  the  samples  investigated,  this  difference  is  about  0.2d3i=2.1pC;yN,  which 
is  not  very  significant.  The  parameters  used  in  this  calculation  are  listed  in  table  L 


RESULTS  AND  DISCUSSIONS 
(1)  Piezoelectric  strain  coefficients 

The  transverse  piezoelectric  responses  of  a  clamped  sample  depend  on  the  lateral 
dimensions  of  the  sample.  Shown  in  Fig.  2  (a)  and  (b)  arc  the  dimension  dependence  of  d3i  and 
d32  for  two  different  thickness  ratios  of  y=3  and  Y=I2,  respectively.  In  these  measurements,  d3i‘^  ( 
or  d32^)  was  measured  as  a  function  of  the  sample  dimension  along  1  (  or  2  )  direction  while  the 
other  lateral  dimension  L2(  or  Li)  was  kept  constant.  As  the  lateral  dimensions  increase,  d3i  and 
d32  decrease  rapidly.  This  is  the  result  of  incomplete  clamping  of  the  polymer  by  the  brass 
electrodes.  When  the  thickness  of  the  polymer  sample  tP,  compared  with  the  lateral  dimension  L. 
is  not  small  enough,  the  strains  induced  by  an  electric  field  will  not  be  uniform.  This  is  shown  in 
Fig.  3  (a).  The  clamping  on  the  polymer  by  the  brass  plates  is  complete  only  when  tP/L  ->  0  and 
the  results  derived  in  the  previous  sections  are  valid  only  under  this  condition.  On  the  other  hand. 
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for  large  values  of  t^/L,  the  clamping  is  not  very  effective,  and  is  still  very  close  to  d3i  (i=l, 
2,  and  3). 

Experimentally,  the  d3iC  and  d32‘^  values  of  the  complete  clamping  can  be  obtained  by 
extrapolating  the  experimental  curves  of  and  d32‘^  versus  the  reciprocal  of  the  sample  length 
(1/L)  to  the  value  at  iyL=0.  These  results  are  listed  in  Table  II  along  with  those  calculated  from  Eq. 
(8),  When  y=3,  the  experimental  and  calculated  results  are  in  good  agreement  While  for 
tlie  agreement  is  less  satisfactory.  It  is  believed  that  this  difference  arises  from  the  fact  that  for  y 
=12  the  data  points  are  far  from  complete  clamping  and  the  iP/L  is  four  times  bigger  than  that  for  y 

=3.  So  the  clamping  is  less  effective.  From  Table  II  and  Eq.  (8),  it  is  clear  that  clamping  is  more 
effective  for  thinner  polymer  samples  (smaller  y  value). 

Longitudinal  coefficient  d33  of  a  clamped  sample  also  depends  on  the  lateral  dimensions  of 
the  sample.  This  can  be  seen  from  Eq.  (4).  When  a  sample  is  not  fully  clamped,  dai®  and  d32® 
change  with  the  dimensions  and  are  not  equal  to  each  other.  The  dss^  values  for  a  completely 
clamped  sample  from  the  experiment  and  the  calculation  are  also  listed  in  the  Table  II.  The 
agreement  between  the  experimental  result  and  the  theoretical  calculation  is  satisfactory. 

Temperature  dependence  of  effective  tensile  piezoelectric  strain  coefficients  di^  (i=l.  2,  and 
3)  of  clamped  sample  (y=  3.0,  and  L=  9.0  mm)  was  measured  at  a  frequency  of  500  Hz  through 
the  converse  piezoelectric  effect.  From  these  results,  the  coefficient  dh^  as  a  function  of 
temperature  is  obtained  and  shown  in  Fig.  4.  For  comparison,  the  temperature  behavior  of  dh 
coefficient  of  a  non-clamped  sample  measured  at  500  Hz  through  the  converse  piezoelectric  effect 
is  also  presented  in  Fig.  4.  Examination  of  the  figure  indicates  that  the  clamping  hanges  not  only 
the  magnitudes  of  the  tensile  piezoelectric  strain  coefficients,  but  also  their  temperature  behaviors. 
For  the  non-clamped  copolymer,  dh  does  not  change  with  temperature  noticeably  even  though  all 
three  tensile  piezoelectric  strain  coefficients  are  significantly  temperature  dependent  In  the 
temperature  interval  studied,  the  dh  for  the  non-clamped  copolymer  is  in  the  range  of  12-14  pCVN. 
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For  a  clamped  sample,  the  df,  value  at  high  temperature  (~60  °C)  is  about  twice  of  that  of  a  non- 
clamped  sample.  As  the  temperature  is  reduced,  the  difference  in  dh  between  the  clamped  and 
non-clamped  samples  becomes  smaller.  At  very  low  temperature,  they  become  the  same.  This 
kind  of  temperature  behavior  can  be  explained  by  Eqs.  (8)  and  (10),  The  clamping  effect  becomes 
less  effective  as  the  elastic  compliances  of  the  copolymer  decrease  while  the  elastic  compliances  of 
the  brass  plates  are  practically  unchanged  in  this  temperature  region.  It  is  well  known  that  for  a 
semicrystalline  polymer,  the  elastic  modulus  changes  greatly  around  the  glass  transition 
temperature  Tg(about  -300C  for  this  copolymer).^  At  the  temperature  well  below  Tg,  a  polymer 
becomes  stiffer  and  the  clamping  is  less  effective.  So  the  dh  value  of  the  sample  with  the  brass 
plates  approaches  that  of  the  undamped  sample.  Although  dh  coefftdent  is  more  temperature 
dependent  for  clamped  samples,  the  curve  is  quite  flat  around  the  O^C,  which  is  the  working 
temperature  of  most  underwater  sensors.  In  this  temperature  region,  the  clamping  is  very 
significant  and  dh  value  of  a  clamped  sample  is  much  higher  than  that  of  the  non-clamped  sample. 

Shown  in  Fig.  5  are  the  pressure  dependence  of  dh  measured  at  the  frequency  of  50  Hz  and 
room  temperature  for  both  clamped  and  non-clamped  copolymers  through  the  direct  piezoelectric 
effect.  It  can  be  seen  that  for  both  clamped  and  non-clamped  samples,  dh  decreases  slightly  with 
pressure.  For  both  kinds  of  samples,  when  the  pressure  was  lowered  back  to  one  atmosphere,  the 
samples  returned  to  their  initial  level  of  activity  with  no  noticeable  irreversible  degradation. 

It  is  noticed  that  for  clamped  samples,  the  difference  between  dh  values  measured  through  the 
converse  and  the  direct  piezoelectric  effects  at  room  temperature  is  about  3.3pC7N  which  is  greater 
than  predicted  value(2.1pC/N)  by  Eq.  (12).  It  is  believed  that  there  are  two  main  sources  causing 
this  error.  (1)  the  calculated  difference  is  for  a  sample  with  complete  clamping,  while  the  measured 
difference  is  for  a  sample  with  incomplete  clamping;  (2)  the  systematic  error  in  the  measurement 
between  the  two  set-ups. 
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(2)  Dielectric  constants 

The  temperature  dependence  of  dielectric  constant  £33  for  both  non-clamped  and  clamped 

samples  are  shown  in  Fig.  6.  As  seen  from  the  curves,  there  is  no  noticeable  difference  between 

them.  For  a  piezoelectric  material,  the  difference  between  the  dielectric  constants  under  stress  free 

and  strain  free  conditions  arises  from  its  piezoelectricity.  From  the  constitutive  equations,  this 

difference  is 

T  s 

^o(^33' =  ^31^31 ''■^3^32+ <^3^33 

where  the  superscripts  T  and  S  refer  to  stress  free  and  strain  free  conditions,  respectively,  and  e  is 
the  piezoelectric  coefficient  of  the  material.  For  PZT  ceramics,  the  difference  can  be  more  than 
100%  due  to  their  high  electromechanical  coupling  coefficients,  however,  for  piezoelectric 
polymers,  this  difference  is  very  small  because  of  their  relatively  low  piezoelectricity  compared 
with  PZT.  Calculated  from  the  above  equation,  the  difference  is  only  about  5%  for  P(VDF-TrFE) 
(75/25).  The  dielectric  constant  £33  of  a  ciampcd  sample  measured  here  is  not  exactly  strain  free 
dielecuic  constant  £33^  because  the  sample  is  only  partially  clamped  in  the  3-direction.  Therefore,  it 
is  not  surprised  that  the  dielectric  constant  of  a  clamped  sample  is  experimentally  almost  the  same 
as  that  of  a  non-clamped  sample. 

(3)  Hydrostadc  Voltage  Coefficient  and  Pgure  of  Merit 

The  hydrostatic  voltage  coefficient  gh  can  be  obtained  from  the  hydrostadc  strain  coefficient 
dh  and  the  dielectric  constant  £33  through  Eq.  (I).  In  Fig.  7,  gb  as  a  function  of  temperature  for 
both  clamped  and  non-clamped  samples  is  presented,  where  db’s  are  taken  from  Fig.  4.  The 
temperature  behavior  of  gh  for  a  clamped  sample  is  much  different  from  that  of  a  non-clamped 
sample  due  to  the  different  dh  and  the  almost-same  dielectric  constants.  Even  for  non-clamped 
samples,  the  gh  value  is  about  180x10  ’3  Vm/N  around  temperature  of  0°C,  which  is  two  orders  of 
magnitude  higher  than  those  of  PZT  ceramics.®  By  mechanical  clamping,  both  the  magnitude  and 
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the  temperature  dependence  of  gh  coefficient  of  the  PVDF  copolymer  arc  funher  improved  in  a 
wide  range  of  temperature.  The  pressure  dependence  of  gh  is  shown  in  Fig.8. 

In  Fig.  9,  the  hydrostatic  figure  of  merit  dhgh  are  shown  for  clamped  and  non-clampcJ 
samples  as  a  function  of  temperature.  Clearly,  in  operation  temperature  range  of  hydrostatic 
applications  (T>OOC),  the  clamping  effect  provides  an  effective  means  to  significantly  improve  the 
hydrostatic  figure  of  merit  of  the  copolymer. 

In  summary.  Table  III  presents  the  room  temperature  hydrostatic  figure  of  merit  for  both 
non-clamped  and  clamped  P(VDF-TrFE)  copolymers  along  with  their  dielectric,  piezoelectric 
coefficients.  For  the  comparison,  the  propenies  for  commonly  used  PZT  ceramics  and  0-3 
piezoceramic-polymer  composite  are  also  listed.  It  is  obvious  that  the  clamped  PVDF  copolymer 
shows  superior  hydrostatic  figure  of  merit 

CONCLUSIONS 

Polarized  PVDF  and  its  copolymer  are  versatile  materials  which  have  shown  to  have  excellent 
piezoelectric  properties.  It  is  anticipated  the  application  range  of  the  materials  will  be  further 
broadened  with  continued  research  aimed  at  further  improvement  in  basic  material-performance 
parameters.  By  mechanical  clamping  in  the  plane  perpendicular  to  the  poling  direction,  nearly  all 
the  effective  piezoelectric  responses  in  that  plane  can  be  eliminated.  As  a  result,  the  effective 
hydrostatic  response  can  be  improved  significantly.  It  is  also  shown  that  the  dimension  and  the 
elastic  properties  of  both  metal  plates  and  copolymer  can  have  great  influence  on  the  effectiveness 
of  this  clamping  effea.  To  improve  the  clamping,  a  smaller  thickness  ratio  of  polymer  to  metal 
plate,  a  smaller  aspect  'atio  (tP/L),  and  a  large  difference  in  the  clastic  properties  between  polymer 
and  metal  plate  are  preferred. 
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HGURE  CAPTIONS 

Fig.  1.  Schematic  drawing  of  a  clamped  sample  by  metal  plates. 

Fig.  2.  The  effective  transverse  coefficients  as  a  function  of  the  lateral  dimension  of  a 
clamped  sample. 

Fig.  3.  Deformation  of  a  clamped  sample  under  an  Electric  field,  (a).  Nonuniform 
deformation;  (b).  uniform  deformation. 

Fig.  4.  Hydrostatic  dh  coefficient  as  a  function  of  temperature  for  non-clamped  and  clamped 
samples. 

Fig.  5.  Pressure  dependence  of  dh  coefficient  for  non-clamped  and  clamped  samples. 

Fig.  6.  Dielectric  constant  as  a  function  of  temperature  for  non-clamped  and  clamped 
samples. 

Fig.  7.  Hydrostatic  gh  coefficient  as  a  function  of  temperattiie  for  non-clamped  and  clamped 
samples. 

Fig.  Pressure  dependence  of  gh  coefficient  for  non-clamped  and  clamped  samples. 

Fig.  9.  The  figure  of  merit  dhgh  as  a  function  of  temperature  for  non-clamped  and  clamped 
samples. 
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Table  I  Some  clastic,  piezoelectric,  and  dielectric  properties  of  P(VDF-TrFE)(75/25)  and  the  clastic 


compliances  of  the  brass  electrode. 


HEEHH 

KM 

KM 

£33 

KSSHIII 

3.32 

-1.44 

10.7 

33.5 

7.90 

4 

ump 

0.097 

-0.032 

7 

Table  II  The  piezoelectric  strain  coefficients  under  complete  clamping  conditions. 


Table  III  The  hydrostatic  piezoelectric  properties  of  the  P(VDF-TrFE)  copolymer  and  some 
other  materials 


1  Mateiial 

£33 

dh 

(pC/N) 

gh 

(X  10*3  Vm/N) 

dhgh 

(n?/K) 

Reference 

1  P(VDF-trFE)  (75/25) 

1  non-clamped 

7.9 

12.5 

170 

2125 

this  work 

1  P(VDF-Tr!FE)  (75/25) 

1  clamped 

7.4 

19.5 

275 

5363 

this  work  | 

1  PZT4 

nso 

4^ 

4 

172 

6  1 

PZT5 

1650 

21 

2 

42 

6  1 

(F3  composite  of  acrylic 
copolymer/PbTi03 

54 

61 

2140 

°  1 

16 


(pC/N) 


1 


0  5  10  15  20  25 

L,(mm) 
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Piezoclcclricily  in  the  ricld-Induccd  Ferroelectric  Phase  of  Lead 

Zirconate-Based  Antifei  roelectrics 

Ki-Young  Oh,  Yutaka  Saito,  Atsushi  Furuta,  and  Kenjj  Uchino* 

Department  of  Physics,  Sophia  University,  Tokyo,  Japan 


The  piezoelectric  characteristics  were  investigated  in  the 
field-induced  ferroelectric  phase  of  the  antiferroelectric 
Pb(.««Nb«.i]|(Zr«.4Sn(4),.,Ti,]ot|Oj  family.  The  electro¬ 
mechanical  coupling  factors  k,  and  k,  were  measured,  and 
the  piezoelectric  anisotropy  was  calculated.  The  piezoelec¬ 
tricity  was  controlled  easily  by  the  applied  electric  field 
pulse.  The  large  piezoelectric  anisotropy  of  these  materials 
in  comparison  to  that  of  conventional  PZT  piezoelectric 
materials  makes  them  very  applicable  for  ultrasonic  probes 
and  surface  acoustic  wave  filters.  (Key  words:  lead  zirconate 
titanate,  piezoelectric  properties,  ferroclcctrics,  phases,  elec¬ 
tric  field.] 

I.  Intruduclion 

11  HAS  been  shdwn  lhai  ihc  Ph„4.,Nh„,„l(Zr„.,Sn„ - 
Ti,].ig^O%  (PNZST)  family  easily  tinilcreiies  the  phase  tran¬ 
sition  from  aiitiferroclectrie  to  ferroelectric  under  an  applied 
electric  field.  During  this  phase  transition,  this  family  shows 
very  interesting  characteristics  such  as  induced  digital  strain 
of  large  magnitude  and  shape  memory  effect.  These  charac¬ 
teristics  and  its  applications  were  already  reported.'"’  How¬ 
ever,  the  piezoelectric  characteristics  in  the  field-induced 
ferroelectric  phase  have  not  yet  been  investigated  It  is  ex¬ 
pected  that  the  field-induced  ferroelectric  phase  vs  ill  exhibit 
piezoelectricity,  but  the  anlifcrroclectnc  phase  will  not,  and 
conseuucntly  that  the  pic/ocleetriciiv  can  be  controlled  easily 
by  an  applied  electric  field.  Controllability  of  piezoelectricity 
and  large  piezoelectric  anisotropy  is  desirable  for  some  appli¬ 
cations  such  as  surface  acoustic  wave  (.SAW)  devices  and  ul¬ 
trasonic  probes.  The  purposes  of  our  investigation  arc  to 
confirm  Ihc  conirollahilily  of  piezoclcclricily  and  to  check 
the  piezoelectric  ani.soirvtpy  of  PNZST  material. 

II.  Experimental  Procedure 

The  phase  diagram  of  PNZST  ceramics  is  shown  in  Fig.  1 
as  a  function  of  composition  and  electric  field,  along  with 
their  typical  strain  curves.  The  phases  arc  divided  into  four 
regions  by  the  strain  characteristics.  The  compositions  be¬ 
longing  to  regions  li  and  III  show  Ihc  shape  memory  effect, 
and  those  belonging  to  region  IV  cxhiliit  typical  ferroelectric 
hysteresis  curves  in  strain  characteristics.  The  compositions 
selected  in  regions  II.  Ill,  and  IV  are  y  =  0.063,  0.064; 
y  =  0.(Ki6,  O  OSO;  andy  =  0.090,  respectively.  The  specimens 
were  prepared  by  a  convcniiona!  sintering  process  — calcined 
at  R50“C  for  10  h  and  sintered  at  1270"C  for  2  h.  The  speci¬ 
mens  were  cut  into  pellets  II  nim  in  diameter  and  0,2  mm  in 
thickness  for  Ihc  planar  mode  kp.  and  0.4  nim  in  thickness  for 
Ihc  thickness  mode  k,.  As  references,  wc  prepared  samples  of 
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0.9PbZrO,-0.1PbTiO,  and  O.SPbZrO, -0.5PbTiO<.  The 
piezoelectric  resonances  were  observed  by  measuring  the  ad¬ 
mittance  (conductance  and  susccpiance)  variation  with 
frequency,  using  an  impedance  analyzer  (4192A,  Hewlett- 
Packard,  Palo  Alto  CA). 

III.  Results  and  Discussion 

Figures  2  to  4  show  the  field-versus-slrain  curves  and 
piezoelectric  resonance  admittance  curves  for  the  fundamen¬ 
tal  planar  mode  measured  for  various  specimens  belonging  to 
regions  II.  111.  and  IV.  respectively.  The  resonance  character¬ 
istics  were  measured  after  applying  an  electric  field  pulse  to 
the  specimen.  (Notice  that  the  field  was  not  applied  continu¬ 
ously  to  Ihc  specimen  during  measurement.)  As  shown  in 
Fig,  2  ly  =  (1.1163),  the  resonance  and  aniitcsonance  peaks 
appear  when  the  applied  field  pulse  exceeds  17.5  kV/cm. 
which  is  due  to  Ihc  induction  of  a  ferroelectric  pli.isc.  These 
peaks  disappear  when  a  -5. .5  kV/cm  field  pulse  is  applied. 
bccau.se  Ihc  antiferroelectric  phase  is  recovered,  and  appear 
again  when  the  field  pulse  exceeds  - 10  kV/cin.  These  phe¬ 
nomena  indicate  that  the  piezoclcclricily  can  be  controlled 
easily  by  an  electric  field  pulse. 

In  controlling  the  piezoelectricity,  the  use  of  lead  magne¬ 
sium  niobalc  (PMN)-bascd  clecroslnciive  materials  has  been 
rcporicd.’  where  continuous  application  of  a  bias  cicctnc  field 
is  required  to  obtain  and  sustain  the  piezoclcclricily  In  com- 


CoBceiiirjIioj  of  Ti  ()) 


Fig  1  Phase  diagram  of  i'huwN'b,iu;l(7.r,i«Snin)i.  .Ti.JiwUj  as  a 
lunctiun  of  Ti  conceiilraiion. 
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Fig.  2.  Field-strain  relation  and  pie?iielcclric  resonance  admit¬ 
tance  curve  of  a  planar  mode  ss  ith  applied  pulse  field  measured  in 
>■  =  0.063. 


Fig.  4.  Field-strain  relation  and  pieroelecirtc  resonance  admit, 
tance  curve  of  a  planar  mode  with  applied  pulse  field  measured  in 
y  =  U  OdO. 


parison.  the  PNZST  materials  (y  =  0.063.0  064)  with  the 
shape  memory  effect  are  confirmed  to  be  very  suitable  for 
controlling  the  piezoelectricity  with  low  energy  consumption. 

In  the  case  of  the  specimen  withy  =  0.066  frecion  Iff),  the 
resonance  and  antiresonance  peaks  will  not  disappear  com¬ 
pletely.  even  after  applying  the  targe  reverse  bias  field  pulse. 
This  is  probably  because  the  specimen  sustains  the  field- 
induced  ferroelectric  phase  even  after  the  reverse  bias  is  ap¬ 
plied.  as  shown  in  the  upper  part  of  Fig.  3.  In  the  case  of 
V  =  0.090  (Fig.  4),  the  field-induced  piezoelectricity  cannot 
be  removed  completely  by  the  reverse  bias.  It  ts  notable  that 
the  electric  pulse  field  required  to  cause  piezoelectricity  is 


Fig.  3.  Field  strain  rcl.slion  and  piezoelectric  resonance  adniit- 
t,ince  curve  of  a  planar  mode  with  applied  pulse  field  measured  in 
y  r-  0.1166 


smaller  (5  kV/cm)  than  that  of  the  other  specimens  ( v  =  0.063 
and  0.066).  Since  the  .specimen  is  originally  ferroeleciric,  ii 
does  not  need  a  large  electric  field  to  obtain  the  piezoelectric¬ 
ity  and  does  not  lose  the  piezoclectrieily  completely  by  the 
reverse  bias. 

Figure  shows  the  variation  of  admiilance  characteristics 
as  a  function  of  Ti  concentration  The  frequencies  of  the 
mavimum  and  minimum  peaks  are  shifted  to  higher  frequen¬ 
cies  with  increasing  v,  and  then  decrease  as  the  Ti  concentra¬ 
tion  increases  above  y  =  0.066. 

Electr, mechanical  coupling  factors  for  the  planar  and 
thickness  modes  are  calculated  from  the  measurement  by 
using  the  following  equations: 


tr  iu  .\ 

— - tan 

2  (Ur 


(JL  le*  ~  iur\ 
2  (Ur  / 


(planar  mode) 


k;  = 


n  Wft 


tun 


T  (u^  / 


(thickness  mode) 


where  k  is  an  electromechanical  coupling  factor  and  ojr  and 
(Ua  arc  the  resonance  and  antiresonance  frequencies,  respec¬ 
tively. 


Applied  Electric  Field  =  22  5  kV/cm 


Fig.  S.  Variation  of  rcson.ince  .ind  .iniifcson.incc  frequencies  with 
Ti  eoiiceulr.ilion  (pl.inat  mode). 
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Fig.  6.  Dependence  of  on  pulce  field,  mcastiied  in  various  Ti  concenlralions 

Figures  6.  7.  and  8  show  the  variations  of  (planar  mode).  jl.j.  calculated  as  shown  m  Fig.  10  for  the  various 

k,  (thickness  mode),  and  (piezoelectric  anisotropy)  as  a  compositions.  The  (*,/Ap)  value  is  more  than  4.0,  and  the 
function  of  applied  pulse  field  in  ihc  sample  of  y  =  0.067.  maximum  value  of  4.5  is  observed  in  the  composition  of 
O.Ofib.  and  0.090.  As  the  applied  electric  field  increases.  Ap  around  the  phase  boundary  between  regions  fl  and 

and  A,  appear  abruptly  at  the  transition  point  (r>im  the  anti-  HI  ^c^ich  is  about  two  limes  greater  than  in  conventional 
ferroelectric  to  ferroelectric  phase,  then  decrease  gradually  piezoelectric  materials  such  as  PZT  shown  in  Table  I.  Large 

with  the  field.  A  minimum  is  observed  at  the  domain  reversal  anisotropy  in  piezoelectricity  is  also  observed  in  O.VPbZrO.- 

coercivc  field  The  variations  of  Ap  and  A,  (saturaied  values)  O.lPbTiOv,  which  is  also  a  ncar-antiferrocleciric  material. 
asafunctu.nofTiconccntTationareploHedinrig  9.  BothAp  |j^,c  ,,,c  jy,;,  „f  phTiO, -based  materia! 

and  A,  show  maxima  at  a  certain  Ti  concentration.  The  maxi-  ((Ph„-,.Ca,.;.)((Coi  .-W,  .)„,„Ti„»..p,  -v  2  mor,  MnO).  which 
mum  values  of  Ap  =  II  145  and  A,  =  It. <>-2  appear  in  the  com-  vvcH-kiiown  anisotropic  piezoelectric  developed  by 

positions  of  y  =  0.08  and  O.Ufifi,  respec’.tvciy.  Toshiba.-*  Although  the  kjk,  value  is  larger,  the  A,  value  itscll 
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E'ig.  7.  Dcpciulcnce  of  A,  on  pulse  field,  measured  in  various  Ti  conceniraiions 
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(a)  y  =  0.  063 
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(c)  y  =  0.  090 
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Fig.  8.  Dependence  of  k,/h^  on  pulse  field,  mea.sured  in  various  Ti  concentrations. 
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Fig.  9.  Variation  of  k,  and  k,  with  Ti  concentrations. 


is  smaller  lhan  thal  of  the  PNZST  ceramics.  The  large  an¬ 
isotropy  can  be  explained  phenomenologically  by  using  a  sub- 
laltice  system;  the  two  sublattices  provide  significant 
contribution  to  the  piezoelectric  anisotropy.  The  detailed  ex¬ 
planations  for  this  large  anisotropy  were  discussed  in  a  previ¬ 
ous  paper.’ 

IV.  Conclusions 

(1)  Piezoelectricity  can  be  controlled  easily  by  an  electric 
field  pulse  in  the  shape  memory  type  PNZST  materials 
(y  =  0.0f>3.0.nf.4). 

(2)  The  field-induced  ferroelectric  phase  shows  a 
piezoelectric  anisotropy  larger  lhan  in  conventional  PZT- 
based  materials. 

(3)  In  comparison  with  the  PbTiOj-baseil  ceramics,  the 
PNZST  exhibits  larger  eleciroincchanical  coupling  with 
smaller  anisotropy  kjkp.  , 
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1‘nblc  I.  Siimmar)  of  4p  and  A,  for  A’aiious  Ti  Conernfra!  ions  in  i*by*»Nboo.’ii^-fo4Sno4)»-/l  nnd  Ollier  Materials 
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PN/SI  (.fpiicit  (icld  --  2: 
>  ^  (.1  ttn4  1  -  0  i}66 

'  ^  tX'  cnil 

V  --  It  (ISO 

x  -  It  iJ9l> 

II ‘w/.  .  (1  irr 

If  'P/  >  ^PT 

Pi  h<iscd* 

Ap 

0  1 14 

0.12.1 

0  1.17 

0  145 

0.136 

0  072 

0  388 

0 

0.456 

0.,501 

0.622 

0  575 

0.564 

0  325 

0  752 

(i  ‘^i 

A-./A-p 

4.0 

4  |5 

4,56 

4,02 

4  15 

4,52 

1 ,638 

rx. 

N;  (Hz  m) 

2.576 

2757 

2.SIH) 

2718 

2574 

NC  (llz  m) 

1661 

1670 

2018 

i.s;:i 

1736 

"t  )  [(Co  t 

2^1 

*  2  muC<  Mn(J  'A^  ficgiicn 

cs  constarti  of  planar  mjcle. 

**A,  frequency  constant  of  thickness  nindc 

The  characteristics  mentioned  above  are  expected  to  be 
useful  for  resonators  which  require  control  of  the  piezoelec¬ 
tricity  and  large  piezoelectric  anisotropy 
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A  New  Type  of  Flextensional  Transducer 

Robert  E  Ncwnham.  Qichang  Xu,  Katsuhiko  Onitsuka,  Shoko  Yoshikawa 
Materials  Research  Laboratory.  Penosylvaria  Slate  Urtiversity 
University  Park.  PA  16802 

I.  Introduction 

Rextensional  transducers  composed  of  a  piezoelectric  ceramic  and  a  shell  structure  exhibit 
good  electroacoustic  performance  [1-21  if*  which  the  extensional  vibration  mode  of  the 
piezoelectric  ceramic  is  coupled  to  the  flexural  vibration  mode  of  the  metal  or  polymer 
shell.  The  shell  is  used  as  a  mechanical  transformer  for  transforming  the  high  acoustic 
im|7edance  of  the  ceramic  to  the  low  impedance  of  the  medium.  The  transducer  can 
produce  large  volume  velocity  on  the  shell  for  a  low  Qm.  high  efficiency  projector,  high 
stress  in  the  ceramic  for  a  highly  sensitive  hydrophone,  or  large  displacement  for  a 
compact  actuator.  [3-5] 

Tliis  paper  describes  a  new  type  of  flextensional  transducer.  It  s  “basic  structure  has  little 
similarity  to  class  V  flextensional  transducer  [6)  because  there  is  a  different  bonding  area. 
It  is  a  high  performance  transducer.  A  large  effective  piezoelectric  coefficient  d'' 
exceeding  4000pC/N,  a  high  hydrostatic  piezoelectric  coefficient  dh  exceeding  6U0pC/N 
and  a  resistance  to  pressures  higher  than  lOOOpsi  are  obtained  from  this  single  PZT  disk  - 
two  metal  end  caps  flextensional  transducer  [3-5).  The  basic  configuration  and  sunplified 
model  of  the  transducer  are  described  in  section  U.  Finite  Element  Analysis  (FEA)  for  the 
deformed  shape  and  stress  distribution  under  hydrostatic  stress  and  the  vibration  dynamic 
mode  is  presented  in  section  ID.  The  experimental  results  for  hydrophone,  transceiver  and 
actuator  applications  are  discussed  in  section  IV.  The  bonding  matenals  between  PZT  and 
metal  are  described  in  section  V. 

II.  Configuration  and  simplified  model 

Fig.  I  shows  the  basic  configuration  of  the  transducer.  The  ceramic  element  can  either  be  a 
piezoelectric  ceramic  or  an  electrostrictive  ceramic  with  single  layer  or  multilayer.  An 
electrostrictive  ceramic  is  expected  to  reduce  the  hysteresis  of  the  actuator.  A  multilayer 
ceramic  element  enables  lower  driving  voltages.  The  "moonie"  metal  end  caps  are  used  as 


a  displacement  magnifier  or  a  mechanical  impedance  transformer.  The  relationship 
between  the  displacement  of  the  end  caps  and  the  size  of  the  caps  and  the  ceramic  is 
explained  below.  For  simplicity  consider  a  beam  with  small  curvature  bonded  to  a  ceramic 
bar  (Fig. 2).  According  to  elastic  theory  [1\,  the  bending  moment  M  under  an  clectroactive 
force  from  the  ceramic  is  as  equation  ( 1 ) 

-TJ(b -a  ) -4a  b  (loli)  J 

M= - - -  (1) 

1  ^ 

4l-:i^D^b"lDi-fa  lD-+b -a'l 
2  a  b  r 


The  electroactive  force  will  be  transmitted  to  the  moonie  metal  caps.  The  stress  in  the 
metal  is : 


T«= 


dE,YAc 


(2) 


where  d 
E3 
Yc 

Ac.  Afn 


piezoelectric  strain  coefficient  of  the  ceramic, 
electric  field  in  the  ceramic 
Young’s  modulus  of  the  ceramic, 

cross  sectional  area  of  the  ceramic  and  metal,  respectively, 


and  r  ~  a  -  b. 

Tfie  normal  displacement  of  the  metal  produced  by  the  piezoelearic  effect  of 
the  ceramic  is: 


-M  (S'  ,  .  Y  d. 
U.,  = - ? - 


2  Y  I 

^  *  m 


4  hmY„,0 


(3) 


hm  =  thickness  of  the  metal 

Ym  =  Young's  modulus  of  the  metal 

V  =  applied  voltage 

Irn  =  moment  of  inertia  of  the  metal 


eff 


llhl 


c 
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(4) 


1.  Ilydrophune  application 

The  dimensions  of  the  sample  are  d=dp=llmm,  dc=9mm.  hm=hp=lmm  and  h=0.2mm. 
The  ceramic  is  PZT-5.  the  metal  is  brass  and  the  bonding  material  is  epoxy.  The  deformed 
shape  of  the  PZT  ,  when  a  unit  pressure  (-1.0  unit)  is  applied  to  the  exterior  surface  as  a 
hydrostatic  pressure,  is  given  in  Fig.4.  Fig. 5  shows  that  the  stresses  in  the  r  and  6 
direction  are  extensional  stresses  and  those  in  the  z  direction  are  mainly  compressive 
stresses  in  the  PZT  ceramic.  (See  Fig. 5)  These  stresses  in  the  PZT  explain  why  this  type 
of  transducer  has  very  high  dh  and  can  withstand  high  hydrostatic  pressure.  The  first 
resonant  frequency  of  the  flextensional'modcas'afunction  of  thrmetal  thickness  hm  of  the 
hydrophone  is  presented  in  Fig.6.  The  FEA  results  are  given  ■"  »he  calculated  curve. 
Experimental  results  are  in  good  agreement  with  FEA  results.  The  first  three  vibration 
modes  are  shown  in  Fig.7.1  ,Fig.7,2  and  Fig.  7.3  respectively. 

2.  Transceiver  for  fishfinder 

Flextensional  transducers  are  usually  used  at  frequencies  lower  than  lOkHz.  This  new  type 
of  transducer  can  reach  high  performance  by  adjusting  the  cavity  diameter  or  the  thickness 
of  metal  end  caps  to  operate  up  to  IfrOkHz.  TheSOkHz  flextensional  transducer  can  not 
only  reduce  the  size  and  weight  but  can  also  keep  higher  figure  of  merit  and  wider 
directivity  patterns  measured  by  Airmar  technology  corp.  than  the  Langevine  type 
transducer  with  same  diameter.  The  sizes  of  the  typical  samples  for  30kHz  fishfinder  are 
dp=35rrun,  dc=28rrun.  hm=6,  hp=3mm  and  h=0.2mm.  The  ceramic  is  PZT-4,  the  metal  is 
aluminum  and  the  bonding  material  is  epoxy.  To  get  a  good  electrical  contact  between 
PZT  ceramic  and  aluminum  end  caps,  fine  mesh  made  of  brass  or  stainless  steel  is  insened 
into  the  bonding  layer.  The  typical  thickness  of  this  type  of  bonding  layer  measured  by 
SEM  is  80  pm. 

The  configuration  of  the  flextensional  transducer  for  fishfinding  is  shown  in  Fig. 8.  The 
first  three  flextensional  resonance  frequency  modes  vs  metal  thickness  are  shown  in  Fig. 9. 
The  first  resonance  frequency  is  approximately  proportional  to  (hjm)‘/2,  jhe  cavity 
diameter  has  a  large  effect  to  the  first  and  third  resonance  frequencies,  the  first  resonance 
frequency  vs  cavity  diameter  is  shown  in  Fig.  10.  Fig.l  1.1  shows  the  thickness  of  PZT  has 
little  effect  on  the  first  three  modes.  The  results  of  FEA  shows  that  the  first  resonance 
frequency  is  approximately  proportional  to  l/(dp)2.  if  keeping  the  dc/dp  ratio  constant 
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Fig.  9.1  Resonance  frequencies  calculated  by  FEM 
as  a  function  of  the  Aluminum  thickness 
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Fig.  11.2  The  first  resonance  frequencies  as  a  function 
of  the  PZT  diameter  and  relative  cavity  size . 

Cavity  size  =  dc/dp  x  100  (%) 


(Fig.  11.2).  Fig.  12  shows  the  resonance  frequency  vs  bond  thickness  from  0  to  100 
Hm.for  two  different  bonding  materials.  The  thickness  of  the  bonding  layer  has  little  effect 
on  the  resonance  characteristics. 

IV.  Experimental  results 

l.llydruphune 

The  typical  PZT-5  -  brass  flextensional  hydrophone  element. with  epoxy  bonding,  has 
dimensions  d=llmm.  hp=l.0mm.  h=0.15mm,  dc=8.5mm.  The  dielectric  constant  is 
K=1450.  tan6=0.02  and  the  lowest  flextensional  resonant  frequency  is  54kHz.  The 
dependence  of  dh  and  gb  on  hydrostatic  pressure  Pq  is  shown  in  fig.l3. 

Experimental  results  show  that  (1)  the  effective  d.ts.  dh  and  gh  are  approximately 
proportional  to  (dc)^  and  l/(hni).  and  (2)  the  lowest  flextensional  resonant  frequency  is 
proportional  to  These  are  confirmed  with  the  simplified  model  in  section  U.  The 

aging  under  hydrostatic  pressure  at  350psi  is  very  small  for  experiments  up  to  10  days. 
Because  of  the  symmetric  configuration  of  the  flextensional  element,  the  vibration  noise  in 
the  z  direction  can  be  very  small.  A  flexible  array  incorporating  four  flextensional  elements 
was  tested  in  13]. 

2.  Fishfinder  transceiver 

Samples  having  three  different  diameters  of  27,  35  and  45mm.  have  been  made  to  obtain 
different  resonance  frequency  ranges.  From  the  FEA  analysis,  the  first  resonant  mode  is 
suited  for  the  transmitter.  The  fust  resonance  frequency  .calculated  for  each  sample,  is 
plotted  in  Fig.l  1.2.  Experimental  values  are  in  accordance  with  calculated  values.  The 
slight  difference  observed  in  the  sample  with  45mm  diameter  is  thought  to  be  due  to  the 
difference  of  the  cavity  diameters  because  the  bonding  area  is  not  perfectly  circularly 
shapied. 

Wider  directivity  patterns  of  the  sample  with  35mm  diameter.  14mm  in  thickness  and 
35kHz  resonance  frequency  indicates  that  this  new  type  of  transducer  has  advantages  for 
fishfinder  applications. 

3  .  Actuator 

The  actuators  were  made  from  clectroded  PZT-5A  or  PMN-PT  ceramic  disk  (1 1mm  in 
diameter  and  1mm  thickness)  and  brass  end  caps  (from  1 1mm  to  to  13mm  in  diameter 


with  thickness  ranging  from  0.2  to  3mm)  Shallow  cavities  from  6mm  to  9mm  in 
diameter  and  about  0.15mm  center  depth  were  mactuned  into  the  inner  surface  of  each 
brass  cap.  Most  experimental  acruator  samples  arc  bonded  by  epoxy  or  solder  The 
displacement  of  the  composite  actuator  in  the  low  frequency  range  was  measured  with  a 
linear  voltage  differentia]  transformer  (LVDT)  having  a  resolution  of  approximately 
0.05p.m.  The  direct  piezoelectric  coefficient  d33  was  measured  at  a  frequency  of  lOOHz 
using  a  Berlincourt  d33  meter. 

In  Fig.  14,  the  displacements  for  the  PZT-5A  and  PMN-PT  themselves  and  their 
flextensional  actuators  with  hm=0.5mm  and  dc=8.5mm  are  shown.  The  actuator  wuh 
dimensions  dp=  1 1mm,  hp=lmm.  h=0.2mm,.hjni=0.4mm,  and  dc=9.0mm  exlubils  sizable 
displacement  as  large  as  20  pm  with  a  pressure  capability  of  50  g/mm^  (see  Fig.  15), 

As  expected  in  Eq.(4),  the  effective  d33  is  proportionaJ  to  I/hm.  In  Fig.  16.  the  d^3  values 
were  measured  at  the  center  of  the  brass  end  cap  using  a  Berlincoun  d33  meter.  Values  as 
high  as  400{)pC/N.  approximately  ten  times  of  that  of  PZT-5A,  were  obtained  with  the 
moonie  actuator.  The  displacement  is  largest  near  the  center  of  the  transducer  Tlie 
effective  d33  measured  as  a  function  of  position  are  shown  in  Fig.  17,  Plots  are  sh-  wn  for 
two  brass  thicknesses  of  0.3mm  and  3.0mm.  Ample  work  area  of  several  mnr  are 
obtained  with  the  actuator  of  1 1mm  diameter. 

The  creep  experiment  revealed  that  keeping  a  field  of  IkV/mm  on  the  epoxy-bonded 
actuator  for  two  hours  showed  no  displacement  change  alter  I  hour  (Fig  18).  Larger 
displacement  can  be  obtained  usmg  stacks  (Fig.  19).  Experimental  results  show  that  the 
total  displacement  of  the  stack  is  the  summation  of  the  displacements  of  all  elements 

Tlie  124  layer  electrostrictive  composite  actuator  shown  in  Fig. 20  gave  the  displacement 
exhibited  in  Fig. 21.  More  than  15pm  displacement  can  be  obtained  under  an  applied 
voltage  of  150V.  Note  that  this  experimental  result  is  obtained  with  only  one  metal  end  cap 
on  the  ceramic  stack.  If  the  convex  or  concave  inct;ii  end  caps  are  placed  on  hotii  sides  of 
die  ceramic  sta^K.  more  than  30pm  displacement  will  be  achieved  under  the  applied  voltage 
of  15()V  TTie  smaller  displacement  for  the  uncapped  multilayer  ceramic  m  the  same 
direction  is  shown  for  comparison  Its  lowest  flextensional  resonance  frequeiicy  is 
6.4U3Z. 


£ 


Fig. 16  Resonance  frequency  f,  and  d33  coefficient  plotted  as 
a  function  of  the  thickness  of  the  brass  endcaps. 


Flg.l7  Positional  dependance  of  the  d3j  coefficient  for  two 

actuators  with  brass  thicknesses  of  0.4mtn  and  3.0nim. 
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Flg.21  Displacement  with  increase  in  applied 
multilayer  ceramic-metal  composite  act 
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VI.  Conclusion 


A  new  type  of  flextensional  transducer  has  been  constructed  from  piezoelectric  PZT  or 
electrostrictive  ceramic  bonded  to  metal  end  caps.  Shallow  spaces  under  the  end  caps 
produce  substantial  increase  in  strain  by  combining  the  d3.t  and  d.ti  contribution  of  the 
ceramic.  Very  large  displacement,  effective  d33  and  dh  can  be  obtained.  It  is  attractive  for 
hydrophone,  transceiver  and  actuator  applications,  and  is  especially  advantageous  for  non- 
resonant,  low  frequency  projector  in  deep  water. 


FEA  shows  that  under  hydrostatic  pressure.'  the  radial  and  tangential  stresses  in 
ceramic  are  mainly  extensionaJ  stresses,  compressive  stresses  in  z-direction 
concentration  is  high  near  the  bonding  tip.  This  is  the  reason  why  this  flextensional 
transducer  has  very  high  dh  and  high  hydrostatic  pressure  tolerance. 

The  effective  piezoelectric  coefficient  is  approximately  inversely  proportional  to  the 
metal  thickness  and  proportional  to  the  square  of  the  cavity  diameter. 

The  lowest  flextensional  resonance  frequency  is  approx irrately  proportional  to  the 
square  root  of  the  metal  thickness  and  virtually  independent  of  ceramic  and  bonding 
layer  thickness. 

The  lowest  flextensional  mode  can  produce  large  volume  velocity  with  lov^er  side 
lobe  than  conventional  piston  type  transducer. 

Using  this  flextensional  transducer  as  an  actuator  is  very  attractive.  The 
displacement  produced  by  a  single  element  moonie  with  total  thickness  of  1.8  mm 
can  reach  20  pun  with  load  SOg/mm^  under  the  applied  electrical  field  of  IkV/mm. 
Recent  experiments  show  that  a  stacked  flextensional  clement  with  total  thickness 
of  3.8mm  can  reach  28pim  displacement  under  an  electrical  field  of  IkV/mm  and 
the  pressure  up  to  SOg/mm^. 
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Thi,-;  paper  presents  a  novel  approach  that  demonstrates  the  uscf'clness  of 
eicctrorheological  fibril  roriittiiion  to  form  1-3  connected  ceramic-polymer  composites. 

These  fillers  include  ferroelectric,  polar,  metal,  semiconductor,  and  superconductor 
crystallite  powders.  Patterned  distributions  of  ceramic  fillers  within  the  polyme'  •  trix 
can  be  induced  by  electric  fields  applied  between  patterned  electrodes. 


I.  INTRODUCTION 
A.  Electroceraniic  composites 

1  he  studs  of  electtocenttnic  composites  h.as  results 
in  several  nesv  l.imilies  of  devices  wnh  properties 
superior  to  those  obiainetl  from  sinele  phase  materials.''' 
Typientiv.  the  success  of  such  composites  can  be 
traced  to  a  well-designed  conneciiviiv  of  each  ph.ise 
making  up  the  composite.  Where  connectivity  is  defined 
as  the  number  of  dmiensiotis.  a  component  phase 
IS  connected.  Tliese  connectivity  patterns  enhance  the 
anisotropy  of  property  coefficients  and  control  transport 
of  heat,  charge,  and  radiation.  These  connectivity 
patterns  can  take  on  a  number  of  forms.  A  full 
nomenclature  has  been  described  for  diphasic  and 
tiipliasic  component  composite  systems  alike.  For 
readers  unfamiliar  with  this  nomenclature  and  wish  to 
read  more,  we  refer  them  to  Ref.  3.  This  study  involved 
two  diphasic  connectivity  patterns,  namely  the  subgroups 
0-3  and  1-3.  These  diphasic  connectivity  patterns  are 
schematically  demonstrated  in  Fig.  1.  The  0-3  case  that 
refers  to  the  active  filler  phase  has  zero  connectivity, 
while  the  inactive  matri.x  phase  has  three-dimensional 
connectivity,  i.e..  a  dispersed  phase  in  a  surrounding 
matrix.  1  he  I -.3  case  refers  to  a  filler  phase  having 
connectivity  in  one  dimension,  vvhile  the  matri.x  phase 
is  continuous  in  all  three  dimensions. 

With  many  early  electroceramic  composites,  the  size 
of  the  connected  phase  has  been  on  a  scale  (>IOO  /zm) 
that  could  be  processed  with  convemional  processing 
techniques,''’  Hence,  desirable  composite  connectivity 
patterns  could  be  readily  obtained.  However,  present  day 
and  future  requirements  of  component  miniaturization 
bring  with  it  difficulties  in  assembling  more  complex 
connectivities.  These  difficulties  primarily  are  associated 
with  the  mechanicui  assembly  of  the  component  pans 
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FIG  I  Scheniaiic  represeniaiion  of  the  diphasic  conneciiviues  0-3 
and  1-3 


and  the  strong  interparticie  forces  between  individual 
filler  components.  Engineers  and  materials  scientists  are 
forced  to  exploit  self-assembling  composite  systems  to 
control  intelligently  the  phase  or  component  segregation. 
Such  examples  of  self-assembly  include  unidirecfional 
solidification  of  eutectic  compositions  or  ceramics  of 
aligned  polar-crystallites.*"*  However,  these  types  of 
self-assembly  are  exceptional  cases  and  not  applicable 
to  all  composite  systems.  Ceramic-polymer  and  mctal- 
polymer  composites  require  other  methods  to  align  or 
assemble  the  filler  phase.  Magnetic  fillers  have  been 
shown  to  align  under  magnetic  fields,  but  of  course 
this  has  its  limitaiion  to  paran',.-.gne!ic  or  ferromagnetic 
fillers.’  ’®  Other  methods  of  assembling  fillers  in  ce.  amic- 
polymer  composites  are  laminar  flow  and  tape-casting 
methods.  These  methods  also  have  their  limitations  as 
they  are  very  dependent  on  particle  morphology,  rheol¬ 
ogy.  and  particle  size  for  successful  texturing. 

We  present  here  the  use  of  fibril  formation  in  the 
clectrorheological  effect  to  aid  1-3  connectivity  and 
percolation  in  composite  processing. 


B.  Electrorheological  (ER)  effect 

The  clectrorheological  effect  was  first  discovered  by 
Winslow  in  1949."  Winslow  discovered  that  in  certain 
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car’sosiies  using  the  elec’f c'^eoicgicai  effect 


■iuspetf-ii.'ns  a  change  iti  \i^ci'mI\  can  he  ol'>ci'-cii  nn 
application  ol  an  elcctMC  ticki  m  ihc'C  buspoiisions.  The 
I’K  clicct  can  he  imluced  hy  bnili  ac  and  dc  electric  lield> 
aidve*.  although  the  eJleci  is  hequencs  depeiident.'-''  On 
application  ol  the  electric  field  tlieie  is  a  ledistribulion 
of  the  dispersed  particles  into  cliains  of  aeereeates 
anil/or  nulividual  particles  rnnnuic  betas een  the  oppo¬ 
sitely  chained  electrurles.  These  chains  of  panicles  ate 
kiioss n  as  fibrils  In  the  cotnieciis  ity  iii'iiienclafiite  we  are 
iisine  heie.  a  chance  between  D-a  and  1-3  cunnectiviiy 
i\s  iiulnced  iisiny  the  U.R  elicci 

I  he  oricnis  ol  the  IcR  elteci  aie  still  unclear.*' 
ft  IS  neneially  accepieil  that  the  eleetiic  field  induces  a 
’ce  charce  se|''aiation  on  the  siisi’cntled  particles  to 
in  a  dipole  The  ituliiccd  dipoles  on  one  suspended 
tide  then  interact  ssnh  each  other  in  accoidance  to 
cctrostatic  dipolar-rli|H'lar  attraction.  The  many  body 
airolar  intciaciii'iis  diive  the  p.nticle  tlisinbuiion  to 
toim  the  iiiirils.'**  This  type  I'l  niodeline  has  been 
siiccessfulls  denionsn aiod  bs  a  cini'iiier  snmilaiic’n 
study  by  Bonnecaze  and  Brady.*’ 

The  basic  understanding  ol  tiuiused  particle  dipolar 
pttlai izaiion  is  more  contrusersial  It  has  been  suggested 
that  the  tli|  de  comes  fiom  a  titsplacemeni  of  the  double 
laser  and/or  eleciiosialical  induced  suilace  charges  at 
the  fluid  (latiicic  mieitace.  a  schcinaiic  icpiescniaiion  ol 
these  two  models  is  shown  m  Fie  2.  Another  contusing 
aspect  in  ER  fluids  is  ilie  role  ot  water  and  hydrated  sur¬ 
faces.  Some  uuiliors  lepoit  enhanced  sibcosity  changes 
S'.  "It  the  piesenee  of  ssaiei,  v.lnle  oiheis  has’C  produced 
Irons  Idi  lluids  wiih  large  -iseosity  clianges 
ate  i.leiails  of  the  ER  Hind  behavior  that  obviously 
ecil  10  be  resolved.  Hosvever.  the  applications  using 
•  iscositv  changes  with  ER  tluids  ate  being  seriously 


considered  lor  lluid  cUitdies.  salves,  clamps,  and  “sniart" 
damping  coinrol  of  vibr.i'.ions.*' ' 

The  aim  of  this  paper  is  to  demonstrate  the  potential 
Usefulness  of  the  eleclrcrheoiccicai  fibril  formation  in 
processing  ceramic, 'metal-polymer  composites. 

C.  Experimental 

As  tins  paper  is  mainly  concerned  s^’iih  composite 
nncrosiruciural  control,  much  of  the  experimentation 
was  performed  using  microscopy.  A  number  of  optical 
ceils  were  developed  m  order  to  study  in  siiii  observa¬ 
tions  of  the  electrurhcological  fibril  development. 

Solid  composites  were  cured  in  larger  teflon  cells 
fFie.  3).  Fillers  were  dried  Ic.  24  h  before  testing  in 
order  to  eliminate  water  effects.  A  number  of  differing 
polymers  were  studied;  see  Table  I.  Within  this  group 
of  thermoset  poiymcrr  the  viscosities  were  sometimes 
Inch,  such  that  during  the  mi.xmg  of  the  ftller,  air  w'as 
incotpuraied.  In  these  cases  the  composite  mix  and  teflon 
cell  were  put  iiiuier  vacuum  for  a  period  of  1  h.  After 
Ills  es.Tcuation.  the  electric  alignment  was  performed 
at  65  'C  for  up  to  1  h,  depending  on  the  polymer, 
further  optical  microsiructural  studies  to  characterize  the 
ahenmcni  were  made  on  solid  polymer  composites  after 
secin'itiiig  with  a  microtome 

II.  RESULTS 

A.  Polymer  and  filler  study 

A  number  of  ihermoset  polymers  were  tested  in 
ilteir  uncured  stale  to  determine  their  fluid  states  as 
a  possible  host  for  clcctrotheological  fibril  formation. 
Results  are  shown  in  Table  I  Reasons  for  the  success 
of  one  type  of  polymer  over  another  at  a  given  field 


FIG  2  Scheiuui.c  reprc.eniauon  ol  the  p.J,s.b!e  median, sn.s  lor  it.e  .nduced  polaroauon  m  elecirorheolog.cit  duids:  (a)  unpolariltd  double 
lajer  and  (li)  p, , landed  itoublc  ta>er 
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Ci 


sticii^tli  antj  iilieriiaiins  trcqticin. y  arc  not  known  al  this 
time.  This  is  the  same  limiiaiitin  in  out  untlerstandiiig  of 
the  eleclrorlieoloEical  phenomena  itself. 

For  successful  ER  uncured  polymers,  a  wide  vari¬ 
ety  of  filler  materials  were  tested,  including  insulators, 
semiconductors,  and  metals.  Table  II  shows  a  list  of 
these  various  filler  materials,  which  all  showed  evidence 
for  ER  fibril  formation  in  successful  polymers.  The 
magnitude  of  electric  field.  ~  I  -2  k'-'/mm.  was  based  on 
X  previous  studies  with  silicon'^oil  and  BaTiOj  powder.'* 
Both  direct  and  alternating  electric  fields  can  induce  fibril 
formation  of  the  tiller  phases.  But.  with  high-voltage 
cliiect  fields,  electrophoretic  motion  can  override  the 
fibril  alignment.  Hence,  alternating  fields  are  preferred 
in  the  processing.  The  frequency  conditions  were  based 
on  direct  optical  microscopy  studies,  where  the  fibril 
foimation  was  optimized  for  frequencies  —10  Hz  for 
polyureihiine  and  silicone  elastomers  and  for  frequen¬ 
cies  from  500-700  Hz  for  epo.sy  polymers  at  room 
temper.iture. 

.Alignment  was  observed  for  a  wide  volume  fraction 
range  0.1-25  vol.fcin  Pb(ZrTi)0;  and  BaTiOj  particles 
m  silicon  elastomer.  Higher  volumes  of  these  insula¬ 
tor  powders  were  studied  by  microstruciural  studies, 
but  did  not  resolve  alignment  owing  to  the  high  den¬ 
sity  of  packing.  However,  clcctrorheological  viscosity 


TABLE  t  f’<)l>iiicrs  iihI  suppliers 


Fibril  forniiiiioii 

E  =•  1-2  IcV/miii 

Tr.ade  ii.ime 
and  supplier 

Polvurelhanc 

Yes  (10  Hz) 

Hysol-Dcxier.  USOCaS 

Silicon  eijsicmers 

Yes  (10  Hz) 

SvIard-lSJ,  Do"'  Cornin* 
Eccosil.  Emerson  Cummings 

Eccosel 

Yes  (600  Hz) 

Eccogel-Emcrson  Cummings. 
1)65 

EpOfi  r'2S»n 

Ycst(fi(XI  Hz) 

EBON  315-Stiell 

T.SBLE  II.  Alignnicni  of  powders  in  uncured  silicon  elasioincrs. 


Insulators 

Scmicondutiors 

Mculs 

BaTiOj 

YBaCujOjj.S 

Aluminum  meial 

PbTiO, 

Graphiie 

Ag  cover  resin  balls* 

Pb(Zr.Ti)Oj 

SiC  fibers 

Ag  cover  acrylic  fibers* 

BayTiSiiOi 

ZrOi 

TiO; 

Silica  glass  spheres' 

Manufaciurers: 

’Spherigbss — Pollers  Indusiries,  Inc. 
‘’Mitsubishi  Meial  Corporation. 


changes  arc  fourui  to  exist  up  to  35  vol.%.  Figure  4 
shows  e.xamples  of  fibril  formation  in  silicone  elastomer 
with  (a)  ferroelectric  PbfZrTi)©;  5  vol.  %,  (b)  dielectric 
TiOi,  5  vol.%.  and  (c)  conductive  Ag-coated  acrylic 
libers  0.5  vol.  %,  aligned  with  aJicrnaling  electric  field  of 
1  KV/mm  at  10  Hz.  All  the  results  obtained  show  there 
is  a  svidc  range  of  materials  capable  of  fibril  alignment 
in  certain  uncured  polymer  matrices.  Particle  morphol¬ 
ogy  is  also  important  with  the  alignment  process.  Both 
needle-shaped  Ag-coaled  fibers  and  SiC  fibers  align  their 
axis  parallel  to  the  electric  field  direction;  these  may  be 
a  consideration  if  we  wish  to  ma.ximize  the  anisotropy 
of  composite  properties. 

B.  Anisotropy  of  ER-aligncd  composites 

The  anisotropy  of  the  ER-formed  composites  is 
demonstrated  in  Fig.  5.  This  figure  shows  the  difference 
in  the  transparency  of  aligned  aluminum  metal  powder. 
0.5  vol.  %  in  silicone  elastomers.  The  composite  is  cut 
to  the  same  thickness,  2  mm.  parallel  and  perpendicular 
to  (he  fibrils.  The  light  scattering  along  the  aligned  fibril 
direction  is  reduced  compared  to  fibrils  perpendicular  to 
the  viewing  direction. 

C.  Patterning  a  composite  with 
ER-alignmenl  methods 

With  ER  fibril  formation,  it  is  possible  to  align 
powder  between  patterned  electrode  arrays.  Figure  6 
shows  photomicrographs  of  aligned  BaTiOi  fibrils  be- 
iwccn  discontinuous  parallel  electrodes.  These  results 
demonstrate  that  possibility  of  manipulating  a  uniformly 
dispersed  uncured  mixture  to  one  that  has  nonunifotm 
mixing  of  volume  fraction  and  connectivity.  There  is 
a  reduction  of  the  local  volume  fraction  in  the  regions 
between  the  electrodes.  Of  course,  this  also  corresponds 
to  an  increase  in  the  local  volume  fraction  in  the  vicinity 
between  the  electrodes.  This  redistribution  of  the  local 
volume  fraction  is  owing  to  dielccirophoretic  forces  from 
the  electric  fringing  fields  attracting  dielectric  media 
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FIG  A.  Fibril  fonnaiion  induced  wnh  aliemaiins  electric  fields  of  I  kV/cm  »nd  10  Hr  *uh  (*)  Pb(Zf.Ti)0).  (b)  TiOj.  *nd  (c)  Ag<oited 
acrylic  fibers 
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■  V'^'‘  '*•“  •’  • 


Sv%p1 


r.'- 


5l« 


'  . . . 

(b) 

nU  5  (d  »  DiMercnc?  in  the  tf.n^ipjrcnc>  I'jr  jn  ciectforhcologically 
aliened  0  5  vol  alunnnum  tiller  in  iilicone  clj^iomer  matrix  cut 
parallel  and  perpcndiculai  to  the  libnls.  (b)  Alignment  of  O.l  vol.% 
of  Ag  coaled  acrylic  libers  in  silicone  elastomer  composite. 


to  a  lower  energy  state  between  iha  elec'odes  where 
unifortn  electric  held  lies."'^’'  figure  7  shows  a  poorly 
[Miterned  composite  usnm  unjligned  electrodes.  In  tins 
case,  ['■iiiome  fields  dotninated  the  eiecirorheolocical 
aliynnieiu  and  resulted  in  ill-defined  coniiecuvuies  and 
non-uniforiri  distribution  of  conneciivmes. 

111.  SUMMARY  AND  CONCLUSIONS 

(1)  ER  effect  using  alieniating  electric  fields  was 
shown  to  align  posvder  tillers  in  uncured  thermoset 
polymers 

(2)  The  nliuntnent  conditions  vary  from  polymer 
to  polymer;  a  universal  understanding  of  properties  nec¬ 
essary  to  exhibit  this  effect  is  undeieniimed  at  lliis  time 

(3)  Strong  anisotropy  is  demonstrated  with  optical 
scatierma  with  fibril  alignr  .nt. 


HJ 


FIG  6.  Examples  of  aligned  BaTiOj  po»der  with  paiiemed  stripped 
elecirodes. 


(-1)  In  polymers  that  allosved  ER  effect  to  occur,  a 
wide  variety  of  elccLrocernmic  fillers  were  found  to  align 
during  the  curing  process.  From  this  diverse  group  of 
fillers,  applications  of  ER-induced  anisotropies  for  con¬ 
ductive  connectors,  nonlinear  I-V  varistors,  piezoelectric 
transducers,  pyroelectric  sensors,  positive  temperature 
coefficient  resistors,  and  superconductor  composites  are 
all  possible. 

(5)  Patterning  of  filler  connectivities  with  discon¬ 
tinuous  electrodes  is  demonstrated  within  polymer- 
ceramic  composites. 

This  novel  approach  can  be  applied  to  a  number 
of  cleciroceramic  composites  in  order  to  improve  vari¬ 
ous  properties.  One  limitation  to  this  approach  is  that 
a  universal  understanding  of  the  interparticle  forces 
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FIG.  7.  Nonuiiilonn  alijnincn!  of  nluminiim  mci;!l  povviler  resulting 
Irom  unaligiied  elecirodcs  resulting  in  strong  Iringing  fields 

responsible  for  the  electrorheological  plienomena  does 
not  exist,  although  working  with  alieinaling  fields  and 
V  polymer  materials  sliouid  expand  the  data  base 
(he  electrorheological  phenomena.  Another  cxcit- 
■tossibility  of  this  approach  is  its  application  to 
composites.  Nanocomposiies  can  be  fabricated  to 
l-_  .'onnectivities  using  the  ER  effect  if  there  is  good 
dispersion  of  the  nanoscale  filler  particles  wuhin  the 
uncured  polymer. 
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Using  the  dielectrophorelic  efTecl,  submicron  BaTiOj  powders  dispersed  in  an  uncured  silicone  elastomer  could  be  redispersed 
into  an  aligned  composite  The  cured  and  -.ligned  composites  were  microiomed  into  thin  sections  and  characterized  using  electron 
and  optical  microscopy.  Dielectric  characterizations  of  the  aligned  composites  were  also  studied  and  modelled  using  the  conven¬ 
tional  dielectric  mixing  rules.  Both  the  microscopy  and  dielectric  characterization  suggested  the  alignment  of  BaT lO,  particles  in 
a  ciuasi  1-3  connectivity  pattern  parallel  to  the  direction  of  the  applied  electric  field. 


1.  Introduction 

Dielectrophorelic  or  electrorheological  elTecls  are 
usually  associated  with  an  electrically  induced  yield 
stress  and  viscosity  variations  and  used  in  active 
damping  control  and  also  fluid  clutch  applications 
[1,21.  However,  recently  we  reported  that  the  di- 
clcclrophoretic  alignment  could  be  used  to  assemble 
composites  by  changing  the  connectivity  of  dis¬ 
persed  filler  phases  in  some  uncured  polymers  before 
curing  (3.4).  Connectivity  is  the  dimensional  rela¬ 
tionship  between  the  phases  confined  within  a  com¬ 
posite,  and  connectiviiy  directly  influences  the  phys¬ 
ical  properties  of  the  composite.  Application  of  an 
electric  field  creates  a  mutual  dielectrophorelic  at¬ 
traction  of  neighboring  filler  particles  to  form  fibril 
chains:  if  the  fibrils  are  continuous  in  one  dimension 
throughout  the  thickness  of  the  composite,  we  have 


a  so-called  1-3  composite  [5J. 

The  aim  of  this  study  was  to  demonstrate  the  pos¬ 
sibility  of  processing  of  a  nanocomposite  using  the 
dielectrophorelic  fibril  assembly  of  submicron  crys¬ 
tals  in  a  polymer.  The  associated  microstruclure  and 
dielectric  properties  were  measured  and  modelled. 


2.  Expel  imental 

2.  J.  Raw  materials 

The  raw  materials  used  in  this  experiment  are  all 
commercially  available.  The  BaTiOj  powders  from 
three  suppliers  were  used  for  this  study  and  listed 
along  with  associated  powder  properties  in  table  I . 


'tabic  I 

Sources  and  relaied  characteristics  of  BaTiOi  powders 


Name 

Powder  processing 

Panicle  size 
(pm) 

Specific  surface 
area  SSA  (mVg) 

Saiki  BTOl 

hydrothermal 

0.1 

12.7 

Saiki  BT05 

hydrothermal 

0.5 

2.4 

BaTiO,TAM  HPB 

coprecipttation 

0.2-0.3 

1.0 

li 
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The  polymer  used  was  184  Sylgard  silicone  elasto* 
ner.  supplied  by  Dow  Corning  Lid. 

2.2.  Preparation  of  slurry 

The  silicone  elaslomcr  is  a  ihermoscl  polymer  with 
part  A  monomers  and  oligomers  and  part  B  being 
the  catalyst  for  the  polymeriTation  reaction.  The  key 
to  making  homogeneous  and  uniform  nanocompos¬ 
ites  is  with  the  dispersion  of  powders  within  the 
polymer.  This  was  achieved  by  gradually  mixing  the 
BaTiOj  powders  into  part  A  under  high  shear  mixing 
with  the  pestle  and  mortar.  After  all  the  BaTiO> 
powder  was  dispersed  in  part  A,  the  part  B  catalyst 
was  added  and  the  shear  mixing  process  repeated. 
Air  was  removed  from  the  slurry  under  a  vacuum 
rotary'  pump  for  approximately  20-30  min.  The 
slurry  was  then  poured  into  the  tcllon  alignment 
chamher,  similar  to  one  shown  in  fig  I.  A  second 
evacuation  of  the  slurry  is  performed  in  the  align¬ 
ment  chamber  for  30  min. 

2.3.  Alignment  under  electric  field 


trie  field  angular  frequency  of  «  40  Hz  with  the  root 
mean  square  electric  field  strength  being  je  I  kV/cm 
was  applied  across  the  curing  composite.  Curing  time 
takes  approximately  1  h  for  the  sample  volumes 
a:  2.5  cm  X  1  cm  X  0.8  cm  made  in  the  study. 

2. 4.  Cliaraclerizalion 

For  both  microscopy  and  dielectric  characteriza¬ 
tion  large  area  and  thin  sections  are  required.  To  ob¬ 
tain  these,  microiomcd  sections  were  sliced  (50- 
100pm  thick)  from  the  composites.  This  allowed 
optical  transmission  microscopy  to  be  performed  on 
thin  samples  and  also  reliable  dielectric  measure¬ 
ments  on  thin  and  large  area  samples  using  a  HP 
4790A  impedance  bridge.  For  dielectric  measure¬ 
ments,  gold  electrodes  were  sputtered  on  the  surfaces 
of  the  composite  sections. 


3.  Results  and  discussion 


An  alternating  electric  field  was  applied  to  the 
slurry  at  curing  temperatures  of  a:60-80°C.  An  elcc- 


Fig.  2  shows  homogeneous  dispersion  of  the  typ¬ 
ical  alignment  of  BaTiOj  powders  in  silicone  elas¬ 
tomer  polymer  as  observed  using  transmission  op¬ 
tical  microscopy.  The  scanning  electron  microscopy 
(SEM )  analysis  demonstrated  that  the  dispersion  was 
such  that  individual  submicron  BaTiOj  crystals  could 
be  aligned  into  fibrils.  This  phenomenon  can  be  seen 


Fig.  I .  Teflon  holder  used  for  polymerization  under  application 
of  an  electric  field. 


Fig.  2.  Homogeneous  dispcnion  of  aligned  BaTiO)  in  silicone 
elastomer.  Magnification  lOOx . 
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in  figs.  3a  and  3b.  The  fibrils  are  discontinuous  as 
revealed  in  SEM  studies. 

The  room-temperature  (I  kHz)  dielectric  con¬ 
stant  and  tan  <5  data  for  these  composites  are  listed 
in  table  2.  The  theoretical  estimates  of  dielectric  con¬ 
stant  based  on  using  series,  parallel,  and  logarithmic 
mixing  laws  are  also  listed  [5,6).  The  relations  used 
for  the  estimates  are  as  follows: 

1 /^=  T,/A'|  •+ l.yAj  (sericsiaw),  (1) 

A'=  K|  A'l  +  I'jA'j  (parallel  law) ,  (2) 

and 


F)g.  3.  SEM  micrographs  of  aligned  composites  with  10  vo1%  of 
BaTiO)  (Saiki  BT05).  (a)  Low  magnification,  (b)  high 
magnification. 


log  y,  log  A,  +  T;  log  A\  (logarithmic  law)  . 

(3) 

Here  A  is  the  average  dielectric  constant  of  the  com¬ 
posite,  T,  and  I'j  arc  the  respective  volume  frac¬ 
tions,  and  A,  and  Aj  arc  the  respective  dielectric 
constants  of  phase  I  and  2.  Dielectric  constant  of 
A'^  300  ( I  kHz  and  at  room  temperature)  was  mea¬ 
sured  experimentally.  The  silicone  elastomer  has  a 
dielectric  constant  of  2.8  at  I  kHz  as  determined  on 
pure  silicone  elastomer  samples.  The  experimentally 
determined  dielectric  constant  of  BaTiOi  powder  is 
lower  than  bulk  values.  This  is  due  to  the  fact  that 
the  nature  of  the  dielectric  polarization  mechanisms 
in  nanoscale  ferroelectric  powder  has  size  effects  as 
discussed  by  Ishikawi  [7]  and  Uchino  ci  al.  (8)-  In 
addition  to  this  observation,  we  noted  from  table  2 
that  there  is  a  dielectric  anisotropy  induced  by  the 
dielectrophorctic  alignment  within  the  composites. 

Using  the  dielectric  constant  A,  =  300  for  BaTiOj 
and  A'2  =  2.8  for  silicone  elastomer  for  the  calcula¬ 
tion  of  the  composite  F  there  appears  to  be  a  good 
agreement,  in  the  case  of  unaligned  dispersed 
BaTiOi  composites,  with  the  logarithmic  mixing  rule. 
For  the  composites  prepared  under  electric  field,  both 
series  and  parallel  contributions  are  important.  WUh 
the  aligned  composite  sections  microtomcd  longi¬ 
tudinally  to  the  fibril  alignment,  dielectric  constant 
measurement  agrees  with  a  series  mixing.  Trans¬ 
verse  microtomcd  sections  of  composites  possess  fi¬ 
brils  normal  to  the  capacitor  electrodes  and  hence  a 
high  parallel  mixing  component  becomes  important. 
From  table  2  the  measured  dielectric  constants  are 
smaller  than  the  theoretical  parallel  mixing  predicts. 
This  infers  that  the  connectivity  being  quasi  1-3,  that 
is  to  say,  discontinuous  fibrils  exist  within  the  com¬ 
posite  thickness.  Using  the  predicted  parallel  dielec¬ 
tric  constant  and  the  measured  dielectric  constant  in 
the  scries  mixing  model  it  is  possible  to  estimate  the 
relative  parallel  contribution  to  be  ss90%.  These  di¬ 
electric  measurements  suggest  a  quasi  1-3  composite 
and  this  is  consistent  with  the  SEM  microstructure 
observations,  figs.  3a  and  3b. 


4.  Conclusions 

Alignment  of  submicron  powders  loaded  in  a  sil- 
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Table  2 

Estimated  dielectric  constants  for  the  series,  logarithmic  and  parallel  connectivity  models  and  for  various  volume  fractions  of  BaTiOj 
powders  using  dielectric  constant  values  A'l  =  300  (for  BaTiOj  (TAM.  Sakai) )  and  A'j  =  2.8  ( for  silicone  elastomer ) 


Volume 

(%) 


2o*.<» 


20'' 


20“' 


10*'” 


10*' 


10“' 


20 


20*' 


20“' 


lO"-'' 


10'' 


10“’ 


Electric  field 
(connectivity) 


Series 

Logarithmic 

Parallel 

Measured  A' 
(kHz) 

3.5 

7.1 

62 

8.0 

3.5 

7,1 

62 

3  1 

3,5 

7,1 

62 

20 

..I 

4.5 

32 

3,3 

3.1 

4,5 

32 

3.3 

3.1 

4.5 

32 

II.5 

3.5 

7.1 

62 

3.2 

3.5 

7.1 

62 

3.0 

3.5 

7.1 

62 

18 

3.1 

4.5 

32 

40 

3.1 

4.5 

32 

3.7 

3.1 

4.5 

32 

11.5 

*’  TAM  Ceramics.  Unaligned  dispersion  £w0.  "  Section  perpendicular  to  the  applied  field. 
“’Section  parallel  to  the  applied  field.  *'  Sakai  Chemical  BT05  (0.5pm), 


icone  elastomer  polymer  can  be  achieved  by  using 
dielectrophoretic  effect.  Quasi  1-3  composite  con¬ 
nectivity  is  induced  and  is  verified  from  electron  mi¬ 
croscopy  observations  and  the  estimated  and  mea¬ 
sured  dielectric  constant  values. 
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Structure  Property  Relationships  in  Core-Shell  BaTiOy-LiF  Ceramics 
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Ab^traci 

A  sintering,  microstructural-dcvelopmcnt  and  dielcctric  property  study  of  BaTiOy-LiF 
ceramics  was  performed  to  access  the  potential  applicarionf»r  low-fired  multilayer  capacitors.  Not 
only  does  LiF  allow  for  sintering  below  1000*C,  it  also  allows  for  the  manipulation  of  dielectric 
properties  and  interfaces  within  BaTiOa-LiF  ceramics.  Using  mixing  laws,  a  model  of  the 
dielectric  properties  of  the  core-shell  microsmicturcs  is  presented  that  agrees  well  with  the 
observed  experimental  data. 


lfll.rqdu£Ug.n 

Ceramic  multilayer  capacitor  (MLQ  formulations  based  on  BaTiOy  can  be  cither  chemically 
or  physically  modified  to  exhibit  the  required  temperature-stable  dielectric  behavior.  The  so-called 
intermediate  dielectric  constant  capacitor  compositions,  X7R,  require  less  than  ±15%  deviation 
from  the  25*C  dielectric  constant  -4000  over  a  temperature  range  of  -55*C  to  I25*C.  This  stability 
can  result  either  from  chemical  substitution  in  the  ceramics  or  from  the  presence  of  core-shell 
grains  in  fine-grained  microstructures  as  reviewed  by  Kahn  et  aL* 

The  core-shell  microstructures  arc  the  result  of  a  specific  type  of  chemically 
inhomogeneous  BaTt03  grains  as  discussed  by  Kahn^  and  Hennings  et  al.^  In  general,  additives 
and  dopants  soluble  to  the  perovskite  structure  are  incorporated  during  grain  growth  and 
densification  processes.  This  is  especially  true  when  recrystallizadon  of  the  liquid  phase  occurs 
during  sintering  and  grain  growth  is  inhibited.  These  additives  are  nonuniformly  distributed  over 
grains.  Owing  to  the  small  amount  of  additives,  many  BaTiOy  grains  remain  undissolved.  After 
saturation  of  the  liquid  phase  melt  with  Ba'n03,  a  solution-reprecipitation  process  starts 
whereupon  smaller  particles  dissolve  and  larger  ones  grow  by  epitaxially  seeding  the  liquid  phase 
reprecipitation  of  perovskite  from  the  melt  Larger  particles  arc  rounded  because  of  the  dissolving 


process  and  contain  only  pure  BaTi03.  These  are  embedded  into  a  perovskitc  shell  that  contains  a 
non-uniform  chemical  distribution  of  doping. 

As  this  process  progresses,  more  and  more  additives  from  the  liquid  phase  are  absorbed 
into  the  solid-shells.  This  depletes  the  additive  concentration  in  the  liquid  phase  that  leads  to  an 
increase  in  the  melting  temperature.  Eventually,  this  can  lead  to  a  freezing  of  the  liquid  phase  to  a 
glassy  grain  boundary  phase.  Figure  i  shows  a  schematic  representation  of  a  typical  core-shell 
iricrostructure  observed  in  BaTi03  compositions. 

The  core-shell  chemical  distriburion  is  a  thermodynamically  unstable  sute.  The  large 
chemical  gradients  within  the  core-shell  microstruciure  are  driving  forces  for  diffusion.  High 
sintering  temperatures  and/or  long  sintering  times  promote  a  more  homogeneous  distribution  of 
additives  that  eventually  cause  the  core-shell  microstructure  to  disappear.  This  has  been  clearly 
verified  by  Lu  et  al.  in  the  BaTiQ3-Zr02  system  with  up  to  60  hours  of  sintering.^ 

The  formation  of  a  core-shell  microstructure  not  only  requires  liquid  phase  sintering, 
solubility  of  BaTiOs  into  the  glass,  and  reprecipitation  of  BaTi03  including  additives  into  the 
perovskite  structure.  There  also  has  to  be  a  limited  grain-growth  process  and  limited  interdiffusion 
to  a  homogeneous  distribution  of  dopants.  Given  the  correct  kinetic  balance  of  these  conditions 
during  processing,  the  core-shell  microstructures  can  be  form«2d. 

In  terms  of  the  dielectric  properties,  another  imponant  criterion  is  that  additives  must  be 
Curie  shifters.^  A  Curie  shifter  is  a  dopant,  that  upon  entering  the  perovskite  BaTi03  causes  the 
paraelectric  ->  ferroelectric  and  also  ferroelectric— ^ferroelectric  transition  temperamres  to  change. 
The  concentration  of  the  shifter  is  approximately  proportional  to  the  degree  of  shift  in  Curie 
temperature.  In  the  case  of  non-uniform  distributions  of  dopant  shifters,  t,here  will  be  a 
distribution  of  local  Curie  temperatures;  this  then  generally  lowers  and  broadens  the  peak  transition 
permittivity  of  pure  BaTi03  ceramics.  The  dielectric  mixing  of  these  various  doped  transitions  can 
be  tailored  under  the  processing  conditions  to  form  X7R  capacitor  materials. 

The  aim  of  this  paper  is  to  report  the  variety  of  microstructures  developed  and  the 
corresponding  dielectric  propenies  in  the  low-fired  LiF-BaTiOs  system.  Qualitative  and 
quantitative  descriptions  of  dielectric  behavior,  defect  chemistry,  and  microstructuial  development 
is  presented  and  correlated. 
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High  purity  TAM-HPB  BaTi03  powders  were  used  with  a  reagent  grade  LiF  and  BaC03 
powders  for  liquid  phase  sintering.  Calcination  of  powders  were  performed  in  a  platinum  crucible 
at  850*C  for  1  hour.  These  calcined  powders  were  milled  and  mixed  with  binder  (DuPont  54(X)) 
to  form  green  ceramic  disks.  Binder  was  removed  by  heating  to  5{X)'C  for  2  hours.  Sintering 
followed  in  a  closed  crucible  for  2  hours  with  temperatures  ranging  from  SOO'C  to  1 150*C.  Phase 
purity  of  ceramics  was  characterized  using  Scintag  x-ray  diffraction  analysis.  Additionally, 
chemical  analyses  of  ceramics  were  made  on  bulk  samples  using  a  d.c.  plasma-emission 
spectrometer  (Spectrametrics,  Inc.)  and  a  Dionex  Ion  Chroraatographer^Microstructural  analysis  is 
made  on  ion-beam  thinned  samples  v  ,  with  a  Phillips  420  transmission  electron  microscope. 

Dielectric  property  analysis  was  measured  as  a  function  of  temperature  and  frequency  using 
an  HP  4274  Bridge.  Measurements  were  taken  on  platinum  sputtered  clectroded  disks  on  cooling 
from  200’C  to  -150*C  over  a  frequency  range  from  10-10,000  Hz  at  a  cooling  rate  of  rCVmin. 


Dielectric  Properties: 

Dielectric  constant  and  dielectric  loss  (tan5  =  e"/e')  were  studied  over  a  temperature  range 
between  -150*C  and  +200*C  for  a  variety  of  LiF-BaTiOa  compositions  and  sintering  conditions. 
Figure  2  shows  a  scries  of  dielectric  constant  temperature  curves  for  LiF-BaTiOs  ceramics  sintered 
at  850*C  for  2  hours.  The  LiF-BaTiOs  composidon  range  was  limited  between  0.1  wt%  to  2.0  wt 
%,  corresponding  to  mole  fracdons  between  1  mole  %  and  18  mole  %.  Important  features  to  be 
noted  from  these  curves  arc  the  following: 

(a)  Small  dielectric  anomalies  exist  at  the  pure  BaTiOj  transidon  temperature  ~125*C  for  all 
LiF-concentradons  studied  at  850*C. 

(b)  The  large  dielectric  constant  peak  maximum  shifts  to  lower  tempcranires  with  higher  LiF 
concentradons. 

(c)  A  broadening  and  lowering  of  the  dielectric  constant  maximum  occurs  with  higher  LiF 
concentradons. 


£d)  There  is  also  a  broadening  of  the  dielectric  constant  anomalies  associated 
with  all  phase  transitions,  cubic-* tetragonal,  tetragonal— ♦orthorhombic,  and 
orthorhombic— ♦rhombohedral,  with  higher  LiF  concentrations. 

(e)  With  increased  LiF  content  there  is  a  major  shifting  of  the  cubic-*tctragonal  and 
orthorhombic -♦rhombohcdral  phase  transitions  to  lower  and  higher  temperatures, 
respectively. 

Replotting  the  above  data  to  give  temperature  dependence  of  the  inverse  dielectric  constant 
(1/K),  classic  Curie-Weiss  behaviour  can  be  observed  above  125*C  for  all  LiF  concentrations. 
Figure  4.  This  is  consistent  with  an  anomaly  observed  at  125*C  (See  Figure  2).  The  parallel 
Curie-Weiss  curves  imply  the  transitions  at  125*C  have  similar  Curie  constants  and  arc  consistent 
with  those  of  pure  BaTiOs.  This  suggests  a  pure  BaTi03  phase  existing  within  the  LiF-BaTiOs 
ceramic. 

The  dielectric  loss  temperature  dependence  is  shown  in  Figure  5  for  various  LiF-BaTi03 
compositions  sintered  at  850*C  for  2  hours.  The  dielectric  loss  shows  anomalies  corresponding  to 
phase  transitions  observed  in  the  temperature  dependence  of  the  dielectric  constant.  The  dielectric 
losses  are  low  0  01  at  room  temperature)  and  are  very  suitable  for  X7R  capacitor  applications. 

The  variation  of  dielectric  constant  with  LiF  content  in  BaTi03  ceramics  sintered  at  1000‘C 
for  2  hours  is  shown  in  Figure  6.  The  important  features  to  be  noted  are: 

(a)  Decrease  of  the  cubic  to  tetragonal  phase  transition  temperature  with  LiF  content  up  to 
1.0  wt  %. 

(b)  Increase  in  dielectric  constant  maxima  with  LiF  content  up  to  1.0  wt  %. 

(c)  Decrease  of  dielectric  constant  maxima  with  LiF  in  excess  of  1.0  wt  %. 

(d)  Slight  decrease  in  tetragonal— >oithorhombic  phase  transition  temperature  and  a  large 
increase  in  the  orthorhombic-^rhomoohedral  transition  temperature  with  increasing 
LiF  content  up  to  1.0  wt  %. 

(e)  Relatively  little  broadening  of  dielectric  maximum  with  LiF  content  compared  to 
850*C  LiF-BaTiC>3  ceramics. 
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Reploiting  these  data  as  inverse  dielectric  constant  versus  temperature  reveals  Curie-Weiss 
behavior.  Figure  7.  However,  the  Curie-Weiss  behavior  depans  slightly  from  linearity.  This  is 
the  result  of  Curie-Weiss  behavior  from  lower  temperatures  superimposing  on  the  overall  dielectric 
characteristics  of  the  ceramic.  Note  that  the  Curie-Weiss  behaviour  is  very  similar  for  1.0  wt  % 
and  above.  This  suggests  that  a  solubility  limit  has  been  reached.  Also,  distinct  Curie-Weiss 
behavior  for  the  tetragonal->orthorhombic  transitions  can  be  seen  for  0.25  and  0.5  wt  °h  LiF.  All 
of  the  above  dielectric  data  and  the  corresponding  X-ray  diffraction  patterns  suggest  a  more 
homogeneous  LiF  distribution  exists.  The  dopants  appear  to  be  pinching  the  three  ferroelectric 
transitions  towards  a  cubic-»rhombohcdral  phase  transition  similar  to  Ba(Sn,Ti)03  systems,  as 
studied  by  Isupov  et  al.^ 

With  the  higher  sintering  temperature  (1 100*Q  of  LiF^BaTiQs  ceramics,  the  corresponding 
dielectric  properties  are  very  different.  Figure  8  shows  the  variety  of  dielectric  behaviour  for 
compositions  in  the  range  of  0.25  wt  %  to  2.0  wt  %  LiF.  Important  features  to  be  noted  with  the 
1 100*C  and  2-hour  soak  time  sintered  ceramics  arc: 

(a)  Increasing  of  the  dielectric  constant  maximum  with  increasing  LiF  content. 

(b)  Lowering  of  the  cubic->tetragonal  Curie  transition  temperature  with  increasing  LiF 
content. 

(c)  Broadening  of  the  dielectric  constant  p)eaks  with  increasing  LiF  content 

(d)  No  evidence  of  a  dielectric  constant  anomaly  corresponding  to  a  pure  BaTi03  phase 
within  the  ceramic. 

(e)  Broad  and  high  dielectric  constant  (~8000)  close  to  room  temperature  for  1.0  and  1.5 
wt%  LiF  comp}ositions.  These  comp>ositions  are  px)tendally  useful  for  various  capacitor 
applications. 

Figure  9  shows  the  temperature  dep)endence  of  the  dielectric  loss  for  the  1 100*  C  -  2- hour 
sintered  LiF-BaTi03  ceramics.  These  ceramics  also  show  low  dielectric  loss  behaviour. 
However,  with  x-ray  diffraction  and  dielectric  constant  temperature  dep>endence  in  the  lOOO'C 
sintered  samples,  there  is  an  increase  in  the  chemical  inhomogeneity  at  1  lOO’C.  We  believe  that 
there  is  an  inhomogeneous  loss  of  Li  from  the  ceranoic.  These  chemical  inhomogeneities  give  rise 
to  a  broad  dielectric  maximum. 


The  general  trends  of  the  dielectric  bchavioui'  with  compositions  and  sintering  conditions  in 
LiF-BaTi03  systems  arc  discussed  in  greater  detail  in  Section  4.0. 


3.2.  Microstructural  Studies  of  LiF-BaTiOj  Xore-Shell  Structure. 

Transmission  electron  microscopy  (TEM)  studies  revealed  a  wide  variety  of  microstructural 
features  in  the  2  wt  %  LiF-BaTiOs  ceramics.  These  microstructural  features  allow  us  to 
understand  the  dielectric  properties  in  more  detail,  explained  later  in  this  paper. 

Samples  sintered  at  temperatures  850*C  and  1100‘C  reveals  that  grains  exist  with  (111) 
growth  twins.  This  is  to  be  expected  in  BaTi03  when  fired  below  the  BaTi03-Ti02  pcrctctic 
temperature  of  1320*C,  as  suggested  by  Schmelz  et  al.®  Typical  (1 1 1)  twins  are  shown  in  Figure 
10(a)  from  a  LiF-Ba7i03  ceramic  sintered  @  85^*C  for  2  hours;  the  corresponding  [1 10]  zone  axis 
diffraction  pattern  is  shown  in  10(b).  The  origin  of  the  (111)  twins  is  believed  to  be  the 
intergrowth  of  topotaxial  Ba6Tii7O40  planes  according  to  the  work  of  Krasevee  et  al.^ 

The  grain  boundaries  on  both  850*C  and  I  lOO'C  sintered  ceramics  reveal  glassy  phases  at 
the  triple  junctions  and  along  the  grain  boundary  and  is  believed  to  be  based  on  the  Ba0*Li20-Ti02 
system.  These  glassy  phase  distributions  are  typical  of  liquid  phase  sintered  microstructures. 
Figure  1 1  shows  a  micrograph  revealing  the  glassy  phase  distribution  in  LiF-BaTi03  ceramics 
sintered  at  850*C.  An  additional  crystalline  second  phase  of  LiTiC)2  was  identified  using  both 
TEM  and  X-ray  diffraction.  These  findings  agree  with  previous  reported  studies  by  Wu  et  al. 
(1989).8 

No  evidence  for  a  core-shell  structure  exists  in  LiF-BaTiOs  ceramics  sintered  <S>  1  lOO’C. 
As  can  be  noted  from  X-ray  diffraction  peak  broadening  and  dielectric  properties,  chemical 
inhomogeneity  of  Li  and/or  F  still  exists  but  not  on  a  scale  comparable  to  the  core-shell  ceramics. 
A  direct  chemical  analysis  using  energy-dispersive  spectroscopy  could  not  be  applied  to  the  LiF- 
BaTi03  ceramics.  The  BaLa  TiKa  X-ray  peaks  overlapped  and  Li  and  F  characteristic  X- 
rays  were  not  detectable,  owing  to  absorption  of  low  energy  X-rays  by  the  deteaor  window. 

For  low-temperature  (850*C)  sintered  LiF-BaTi03  ceramics,  core-shell  structures  arc 
clearly  observed.  Figure  12  '  shows  a  core-shell  grain  structure  in  a  2  wt  %  liF-BaTiC)3  ceramic 
sintered  at  850*C.  The  cores  have  a  high  density  of  90*  twin  domain  configurations  corresponding 
to  the  tetragonal  (4mm)  ferroelectric  symmetry  of  BaTi03.  In  the  core-shell  grains  there  is  often  an 
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associated  high  density  of  growth  dislocations.  Lu  ct  al.  suggests  that  these  dislocations  may  aid 
in  diffusion  and  hence  aid  homogenization  of  the  composition. ^  Heating  the  grains  above  the 
Curie  temperature  within  the  TEM  causes  the  ferroelectric  domains  to  disappear.  The  structure  of 
the  interface  between  the  shell  and  core  is  revealed  to  be  semi-coherent  with  associated 
dislocations. 

An  estimate  of  misfit,^  can  be  obtained  from  the  Burger  rector,  and  interspacing  of  the 
dislocations  using  equation  (9) 


Where  D  is  the  interspacing  between  dislocations  :i  3  x  lO'^m  and  Ihl  is  the  Burger’s  vector 
magnitude.  The  Burger’s  vector  being  b  a(l(X))  predicts  for  the  LiF-BaTi03  core-shell  structures 
a  misfit  strain,  6  -  1.3%  in  the  high  temperature  phases.  The  misfit  parameter,  6,  is  described  by: 

g  _  ~ 

ac  ’ 

where  as  cubic  phase  lattice  parameter  of  the  shell  region  and  a^  is  cubic  phase  lattice  parameter 
of  core  region  BaTiOs.'®  Armstrong  et  al.point  out  that  the  strain  mismatch  between  the  core  and 
shell  will  tend  to  give  a  compressive  stress  to  the  core  regions,  which  will  in  turn  affect  the 
dielectric  properties.*®  Note  that  a  number  of  previous  authors  estimate  the  strains  directly  from 
selected  area  measurements  of  the  TEM  foils.  The  validity  of  such  a  method  is  doubtful  because 
the  stress  is  relieved  when  producing  TEM  thin  foils.  However,  estimating  the  strain  from  the 
misfit  dislocations  is  believed  to  be  free  of  any  stress  relaxation  effects  and  may  be  more 
representative  of  the  stress  from  a  three-dimensional  ceramic  in  its  high  temperature  phase,  i.e. 
above  130*C. 


3.4.  Chemical  Distribution  of  LIF  in  BaTiOj. 

Although  a  direct  Energy  Dispersive  Spectroscopy  method  to  determine  compositional 
variations  was  not  possible,  owing  to  the  Ba  and  Ti  X-ray  peaks  overlapping  and  the  absorption  of 
low  energy  of  Li  and  F  characteristic  X-rays.  There  are  still  a  number  of  conclusions  to  be  inferred 
regarding  the  compositional  distribution  throughout  the  microstructure,  including  the  crystal- 
chemistry  of  the  structure  described  below-. 


From  the  dielectric  studies  presented  in  Section  3.0,  we  can  infer  Utai  either  Li  or  F  is 
entering  the  perovskite  BaTi03  and  causing  the  shift  in  paraelcctnc-^ferroelcccric  phase  transition 
temperatures.  TTiis,  of  course,  is  also  confirmed  with  the  formation  of  core  shell  microstructure  as 
discussed  in  Section  2.1.  The  question  now  arises  about  which  additive,  Li  and/or  F,  causes  the 
dramatic  changes  in  microstructure  and  dielectric  properties.  An  analytical  chemical  analysis  of  the 
sintered  BaTi03-LiF  ceramics  is  given  in  Tabic  I.  This  analysis  demonstrates  that  there  has  been  a 
volatilization  of  F  gas,  and  Li  has  predominantly  been  absorbed  and  remains  in  the  BaTi03 
perovskite  structure.  This  is  not  consistent  with  the  earlier  predictions  which  suggested  that  both 
Li  and  F  arc  soluble  in  BaTi03  to  give  a  compositional  formula.  BafTii.xLix)  (03.3xF3x).8d  1 
Additionally,  there  does  exist  indirect  evidence  that  at  high  pressure,  processed  BaTi(03.xFx) 
perovskiies  decompose  to  BaTiOy  and  F  gas  at  650*C^  *.  This  implies  that  at  temperatures  used  to 
sinter  BaTiOy-LiF  ceramics,  F  would  be  given  off  as  a  gas.  Hence,  all  the  evidence  suggests  Li  is 
the  important  dopant  in  modifying  the  BaTiOy  dielectric  properties. 


Table  I, 

Chemical  Analysis  of  LiF-BaTiOy  Ceramics 
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Assuming  lithium  to  be  the  imponant  soluble  cation  in  BaTi03  perovskite,  we  have  to 
consider  its  occupancy  in  the  crystal  structure.  The  possibility  of  an  interstitial  lithium  is  an 
extremely  unlikely  situation,  owing  to  the  high  packing  density  and  the  defect  energy  calculations 
by  Lewis  and  Catlow  (1983).'^  In  this  study  only  substitutional  solid  solutions  arc  debated 

The  substiiion  of  Li-caiions  onto  the  perovskite  A-sitc  is  unlikely  as  there  is  no  required 
evidence  of  Li  in  a  twelve-fold  coordinated  site. 

The  most  likely  occupancy.for.LLwith  the  perovskite  structure  is  the  six-fold  octahedral  B- 
site.  It  is  noteworthy  that  the  (Shannon  and  Prewitt)  ionic  radii  for  six-fold  coordinated  lithium  is 
O.74A,  which  fits  into  stable  perovskite  structures  as  discussed  by  Megaw.^3  Since  Li  ions  have  a 
different  valence  than  that  of  the  titanium  ion,  substitution  by  lithium  produces  a  charge  inbalancc, 
that  has  to  be  compensated  through  defect  chemistry  processes.  The  occupancy  of  Li  on  the  Ti"^ 
site  constitutes  an  acceptor  doping.  These  acceptors  can  be  compensated  electronically  or  ionically. 
Electronic  compensation  involves  the  formation  of  holes  in  the  valence  band  and  may  result  in  p- 
type  behavior.  Ionic  compensation  occurs  when  the  acceptor  dopant  fixes  the  doubly  ionized 
oxygen  vacancies  concentration  as  shown  by  Hagemann  and  Ihrig.^^  In  BaTi03,  the  latter  is 
nearly  always  the  case.  The  net  effect  of  the  Li  ion  substition  is  to  change  the  electro-neutrality 
condition  of  the  defect  chemistry,  i.c.: 

2(VBa'T  +4  [Vji""]  -t-  p  -*■  3[LiTi'"]  =  n  -h  2[V6]  is  expressed  using  sundard 
Kroger- Vink  notation. 

For  ionic  compensation  at  intermediate  oxygen  pressures  and  close  to  stoichiometry,  the 
electro-neutrality  condition  reduces  to; 

3[Lirn  =  2[VS]. 

The  ILiTi"T  acceptor  doping  fixes  the  oxygen  vacancy  concentration  with  ionic 
compensation.  This  corresponds  to  a  perovskite  compositional  formulation; 


Ba(Tii-xLix)  (03.3x/2Vd3x/2)- 


For  every  Li  cation  substituting  a  titanium  cation  there  is  an  equivalent  of  one  and  a  half 
oxygen  vacancies  per  unit  cell.  Hence,  if  Li  substitionally  occupies  the  perovskite  B-sitc  there  is  a 
corresponding  loss  of  titania.  This  is  consistent  with  the  discovery  of  a  LiTiC>2  second  phase  being 
produced  during  the  sintering  process.  In  addition,  the  low  dielectric  losses  measured  in  the  LiF- 
BaTt03  ceramics  indirectly  suggests  that  the  intrinsic  electronic  conductivity  of  the  ceramic  remains 
largely  unchanged  The  frequency  dispersion  in  Figure  6(b)  suggests  an  ionic  conductivity 
relaxation  mechanism  or  ionic  dipole  relaxation,  <  So  both  structural  and  electrical 

properties  suppon  the  assumption  of  ionic  compensation  of  the  lithium  substitution  for  titanium. 

Although  the  chemical  analysis  suggests  that  Li  is  the  dominant  soluble  additive  there  exists 
a  possibility  of  F  occupying  the  anion  sublattice.  Hence,  for  completeness  we  consider  the 
substitution  of  F  in  addition  to  Li.  We  recall  a  donor  has  an  effective  positive  charge  with  respect 
to  the  lattice.  In  this  specific  case,  the  F  occupies  oxygen  sites  as  a  singly  ionized  donor,  Fq*  in 
Kroger-Vink  notation. 

Considering  the  electro-neutrality  condition  with  acceptor  Li  occupancy  of  the  B-sitc  and  F- 
donor  occupancy  of  the  anion  sublattice  we  obtain: 

n  +  2[VBa"]  +  3(LiTin  =  p  -*•  2[V6]  +  [Fo*J. 

When  ionically  compensated  the  electro-neutrality  condition  reduces  to : 

3(Lirn  =  2(Va]  [Fo-]. 

The  corresponding  general  substitutional  formula  for  Li  and  F  in  BaTiC)3  is  then  given  by: 

Ba(Tii.,(Lir,"')x)  ((03.i/2(3x+z))(Fo’)  ^  iV6)(3,y2-2/2)))- 

It  may  be  that  this  is  self  consistent  with  the  previous  formula  when  assuming  the  trivial 
case  of  [Li]»[F]  Lc,  x»z,  as  was  cxpcrimemally  determined  in  the  chemical  analysis  (Table  I). 
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The  two  major  influences  to  be  considered  for  explaining  the  dielectric  behaviour  in 
BaTiOs  ceramics  are  traditionally  chemical  inhomogeneity  and  internal  stresses.  Chemical 
inhomogeneity  has  often  been  regarded  as  the  major  source  of  broad  or  diffuse  phase 
transitions  in  ferroelectrics. 

This  chemical  inhomogeneity  can  be  on  a  macroscopic  scale,  demonstrated  by 
growth  striations  ~10  to  ~  100pm  in  ferroelectric  tungsten  bronze  crystals.  Microscopic 
compositional  inhomogencities  are  on  a  submicron  scale.  This  causes  the  phase  transition 
temperature  and  spontaneous  polarization  to  vary  from  one  region  or  “microvolume"  to 
another.  Traditionally,  this  type  of  description  has  been  linked  with  the  relaxor-likc 
ferroelectrics.  e.g.  Pb(Mgi/3Nb2/3)03,  after  the  work  of  Smolenskii  et  al.*^  Recently  work 
has  shown  that  the  original  Smolenskii  postulates  proposed  to  explain  relaxor  behaviors  are 
not  valid.*^**^  Despite  the  shortcomings  of  the  Smolenskii  model  for  relaxor  ferroelectrics, 
we  believe  the  description  to  be  valid  for  chemical  inhomogencities  in  systems  such  as 
Ba(Zr,Ti)03,  (Ba,Sr)Ti03.*®»*^  These  are  broad  phase  transition  ferroelectrics  that  do  not 
have  the  characteristic  dispersive  behaviour  of  dielectric  constant  and  tanS,  which  detennines  a 
relaxor  ferroelectric  as  described  by  Cross.20  Below  v.  c  show  the  Smolenskii  compositional 
inhomogeneity  model  can  be  successfully  applied  to  ti»e  dielectric  properties  of  LiF-BaTiC>3 
ceramic  with  core-shell  structures. 

Owing  to  the  connectivity  of  the  respective  phases  in  core-shell  ceramics,  the 
dielectric  properties  are  expected  to  be  dominated  by  the  continuous  or  semicontinuous  shell 
region  volume  fraction.  The  surrounding  shell  is  believed  to  have  microvolumes  of  various 
compositions  and  hence  various  paraelectric— ^ferroelectric  transition  temperatures.  Based 
upon  the  observed  microstruciural  and  dielectric  behaviour,  we  developed  the  following 
model.  The  volume  fraction  of  the  core  can  be  described  with  the  following  dielectric 
temperature  dependence: 

<K(T)>  =  Kav  for  lO'C^STSTc 

core  4jlC  for  T  ^  Tq  rJ2i*C 

T-Tc 

The  Kav  is  expected  to  be  similar  to  that  of  fine-grain  BaTi03.  owing  to  the 
compressive  stresses,  i.e.  Kav  r  4000,  We  assume  the  core  to  be  elastically  clamped,  which 
causes  the  transition  to  be  second  order.  Therefore,  Curie-Weiss  temperature  coincides  with 
transition  temperature. 


11 


The  shell  volume  fraction  is  comprised  of  an  inhomogcnous  distribution  of  phase 
transitions.  The  general  expression  for  the  average  dielectric  constant  of  the  shell  volume 
fraction  is  given  by:^^ 


<K(T)>  =  jK(T-rc)f(rc)drc 

shell  =-= - - 

/fcTcMn 


Where  f(Tc)  is  a  general  distribution  function  describing  the  spread  of  microvolumc 
Curie  points.  This  is  simply  taken  to  be  a  Gaussian  distribution,  i.e.: 

fCTc)  =  exp  ([-(Tc-TmW) 

vi'hich  is  centered  on  Curie  maximum  temperature,  Tm  with  a  width  a.  The  dielectric 
temperature  dependence  KCTiTcO  of  the  individual  microvolumes  is  regarded  as  a  second 
order  phase  transition  with  transition  temperature  Tc',  such  that: 

Ka.TcO  =  K'av  forT<Tc' 

4jlC  forT>Tc' 

T-r, 

where  C  is  the  Curie  constant  and  Tc  is  the  local  Curie  temperature  of  a  ferroelectric 
microvolume. 

These  core  and  shell  regions  are  regarded  as  the  two  major  contributors  to  the 
dielectric  properties  of  850*C  LiF-BaTiOs  ceramics.  With  the  core-shell  structures,  there  are 
both  substational  series  and  parallel  components  to  be  considered  for  dielectric  mixing. 
Hence,  the  most  appropriate  mixing  law  to  use  is  the  semi-empirical  logarithmic  law.  The 
logarithmic  expression  for  the  core-shell  ceramic  is  given  by: 


log<K(T)>  «  Vshcll  log<K(T)>sheIl  +  Vcore  log<K(T)>core. 


Computer  generatol  dielectric  temperature  dependence  is  based  on  the  above  model,  as  seen  in 
Figure  14.  Good  agreement  is  obtained  with  the  experimentally  determined  dielectric 
dependence  found  within  core-shell  structures. 

The  dielectric  behaviour  of  the  1000*C  LiF-BaTiOj  is  the  result  of  an  almost 
homogeneous  compositional  substidon.  Although  there  is  sdll  some  finite  diffuseness,  this  is 
very  much  reduced  compared  to  the  core-shell  ceramics.  The  transition  temperanires  of  the 
various  ferroelectric  phases  converge  at  a  common  temperature  with  LiF  contents  up  to  1.0% 
wt%.  This  gives  rise  to  an  enhancement  of  the  dielectric  constant  Beyond  this,  the  solubility 
limit  appears  to  have  been  approached  within  the  grains.  Further  addition  of  LiF  contributes 
to  a  larger  volume  fraction  of  grain  boundary  phase.  This  glassy  phase  has  a  dielectric 
constant  many  orders  of  magnitude  below  the  BaTi03;  hence  the  series  mixing  of  the  grain 
boundary  and  grain  phases  reduces  the  average  the  dielectric  constant  of  the  ceramic. 

As  can  be  inferred  from  the  chemical  analysis  X-ray  diffraction  and  dielectric 
studies,  the  1100*C  LiF-BaTiOs  ceramic  sintered  samples  have  an  inhomogeneous 
decomposition  of  the  Ba(Tii.xLj^(03-3x/2V63x/2)  composition.  This  additional 
inhomogeneity  accounts  for  the  corresponding  increase  in  diffusions  in  the  llOO’C  LiF- 
BaTi03  ceramics. 

4.0.  Summary  and  Conclusions 

The  dielectric  and  microstructural  propenies  have  been  studied  over  a  wide  range  of 
sintering  conditions.  A  wide  range  of  properties  arc  found  to  occur  owing  to  a  variety  of 
chemical  inhomogeneities  present  within  the  ceramic  processing. 

A  shifting  of  the  Curie  temperatures  is  owing  to  the  solubility  of  lithium  on  BaTi03  to 
form  Ba(Til-xLix)C)3.3xVd3x  The  corresponding  dielectric  properties  were  accounted  for  by 

~T~  y 

using  a  statistical  distribution  of  ferroelectric  transitions.  A  semi-quantitative  analysis  was 
made  for  LiF-BaTiOs.sintered  at  850‘C  which  possessed  a  core-shell  microstructurc.  The  low 
firing  temperature  of  f50*C  and  the  dielectric  temperature  dependence  are  very  attractive  for 
X7R  capacitor  applications. 
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Pun  6«TiO, 

1  1  Highly  doped  rogion 

Figure  1.  Schematic  representation  of  a  typical  core-shell  microstructure 
observed  in  BaTiOj  composition. 
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Figure  2.  Dielectric  constant  of  BaTiOs  with  various  amount  of  LiF  sintered 
at  850*C  for  2  hours. 
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Figure  5.  Dielectric  loss  with  temperature  for  various  LiF-fluxed  BaTiOj 
sintered  at  850*C  for  2  hours. 
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Figure  6.  Dielectric  constant  of  BaTiO^  vrith  various  amount  of  LiF  sintered 
at  lOOO'C. 
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Figure  7.  Curie<Weiss  plot  of  dielectric  behavior  exhibited  in  Figure  d. 
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8.  Dielectric  constant  of  BaTiOs  with  various  amount  of  LiF  si 
at  U00*C  for  2  hours. 
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Figure  10.  (a)  TEM  micrograph  of  (111)  growth  twin  presence  in  the 
BaTi03  with  2wt%  IJF  sintered  at  850’C  for  2  hours, 
(b)  The  corresponding  (110]  selected  area  diffraction 
pattern  of  (a). 
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Figure  11.  TEM  micrograph  of  BaTiOj  sintered  with  2wt%  LiF  at  SSO'C  for 
2  hours,  showing  glassy  phases  in  the  grain  boundary  regions. 


12.  TEM  micrograph  showing  grain  core  shell  structure  of  LiF-fluxed 
BaTiOa  sintered  at  850*C. 
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Figure  13.  Calculated  and  experimental  dielectric  constant  with  temperature 
for  BaTiOj  sintered  with  2wt%  LiF  at  850*C. 
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APPENDIX  23 


Spatial  Variations  of  Polarization  in  Ferroelectrics  and  Related  Materials 

C.A.Randall,  G.A.  Rossetti.  Jr.,  and  W.  Cao 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Paric,  PA  16802 

Atotraci 

Electron  microscopy  studies  in  lanthanum  doped  lead  dtanate  reveals  the  evoludon  of  a 
spadal  moduladon  in  the  magnitude  of  the  spontaneous  polarization  with  the  increase  of  the 
lanthanum  dopant.  On  the  incorporation  of  ~  25  atom  percent  lanthanum,  the  convcndonal  domain 
structure  becomes  ill-defined,  and  tweed  microstructures  are  observed.  The  structural  informadon 
can  be  associated  with  the  change  from  normal  ferroelectric  to  diffuse  ferroelectric  phase  transidon 
behavior.  Different  from  twin  structures,  these  modulated  structures  represent  a  new  type  of 
polarizadon  variation  existing  within  a  single  domain.  Further  understanding  of  the  observed 
spadal  variadon  in  polarization  requires  structural  analysis  at  the  atomic  scale.  Holographic 
electron  microscopy  is  proposed  as  a  potendal  tool  to  study  various  polarization  gradients  in 
ferroelectric  materials.  Understanding  the  spadal  variations  in  polarization  is  essendal  to  more 
fully  comprehend  the  extrinsic  contribudons  to  the  elasto-dielcctric  properdes  in  ferroelectrics. 
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Introductiun 


Mesoscopic  structures  within  ferroelec tries  and  related  materials  have  important 
consequences  with  respect  to  the  macroscopic  elasto-dielectric  properties.  These  structures  exist 
on  a  scale  of  a  few  tens  to  a  few  thousands  of  angstroms  and  include  defect  structures  within  the 
lattice  as  well  as  the  polarization  domain  struenares  associated  with  the  ferroic  phase  transition.  In 
general,  there  are  two  contributions  to  the  elasto-dielectric  properties:  the  intrinsic  contribution, 
which  is  related  to  the  ferroelectric  (antiferroelectric)  atomic  structure,  and  the  extrinsic 
contribution,  which  is  associated  with  domains  and  defects.  *  2  In  technologically  imponant 
materials,  such  as  Pb(Zr,Ti)03,  the  extrinsic  factors  can  contribute  as  much  as  70%  to  the  total 
elasto-dielectric  response  (see  Figure  1).  Therefore,  it  is  necessary  to  develop  a  greater 
understanding  of  all  the  possible  defect  and  polarization  mechanisms  which  could  contribute  to  the 
extrinsic  elasto-dielectric  properties.  However,  a  comprehensive  theoretical  description  of  the 
extrinsic  contributions  is  currently  not  in  place. 

The  most  common  mesoscopic  structures  associated  with  ferroelectric  and  related  materials 
are  domains  and  domain  walls.  Domains  form  at  the  phase  transition  and  relate  the  low 
temperature  phase  to  the  high  temperature  prototype  phase  via  certain  symmetry  constraints.  In  the 
example  of  “normal"  first-  or  second-order  ferroelectric  transitions,  each  domain  is  an  area  of 
uniform  polarization,  and  the  boundary  which  divides  two  domains  (i.e.  a  twin  structure)  is  known 
as  the  domain  wall.  The  domain  wall  is  a  region  of  distorted  crystal  structure  in  which  there  exists 
a  spatial  transition  of  the  polarization  from  one  orientation  state  to  another. 

There  are  two  main  types  of  twin  structures.  One  type  is  a  twin  with  inversion  symmetry  of 
the  polarization  but  in  which  the  strain  is  the  same  in  both  variants.  The  second  type  is  a  twin  of 
two  variani"  with  different  orientation  for  both  polarization  and  strain.  Ferroelectric  twins  are 
typically  of  the  head  to  tail  configuration.  There  are  reports  of  other  domain  configurations,  such 
as  head-to-head  types,  but  these  have  not  been  extensively  investigated.^-'* 

The  fine  structure  of  the  ferroelectric  domain  walls  depends  on  a  number  of  inter-related 
parameters:  including  the  symmetry,  temperature,  order  of  the  phase  transition,  spontaneous 
polarization,  and  the  electrostrictive  and  elastic  compliances.  A  number  of  analytical  descriptions 
now  exist  to  describe  the  spatial  variation  of  the  order  parameter  in  a  fcnoelectric  domain  wall.^-^-^ 
However,  some  of  the  parameters  required  by  the  theory  cannot  be  easily  acquired  with  current 
experimental  techniques,  and  so  there  is  a  need  to  develop  new  experimental  methods  to  study 
polarization  variations  in  these  materials. 

Defects  and  dopants  are  known  to  have  a  strong  influence  on  the  elasto-dielectric  propierties 
of  ferroelectrics  and  related  materials.  Theoretical  treatments  of  the  role  of  defects  near  structural 
phase  transitions  are  usually  restricted  to  defect  densities  that  arc  much  less  than  the  reciprocal 
correlation  volume  (~  10*^  cm‘3).8  in  the  perovskite  ferroelectrics  of  commercial  interest,  such  a 
situation  is  almost  never  realized. 
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This  article  outlines  some  of  the  results  observed  by  diffraction  contrast  electron 
microscopy  in  perovskite-based  fcrroelectrics.^O  From  these  results,  and  requirements  of  the 
theoretical  developments,  there  is  an  urgent  need  to  experimentally  investigate  the  polarization 
gradients,  both  within  the  domain  region  and  in  the  region  of  the  domain  wall.  Electron 
holography  is  discussed  as  a  technique  potentially  capable  of  quantifying  the  polarization  gradients 
in  these  materials. 

Results  and  Discussion 

La-doping  in  PZT-based  Perovskites 

Doping  in  Pb(Zr,Ti)03-based  materials  by  lanthanum  is  used  as  a  means  to  soften  the 
switching  characteristics  of  piezoelectric  materials.**  Additionally,  the  incorporation  of  lanthanum 
facilitates  the  fabrication  of  transparent  ceramics  for  an  optoelectronic  applications  *2  In  general, 
doping  with  lanthanum  has  a  significant  influence  on  many  of  the  elasto-dielectric  properties.  For 
sufficiently  high  levels  of  doping  in  Zr-rich  PZT  compositions,  this  leads  to  the  observation  of 
diffuse  phase  transition  behavior  having  strong  dielectric  dispersion.  Ferroelectrics  with  this 
behavior  are  generally  referred  to  as  relaxors,  and  are  of  technological  importance  owing  to  their 
unique  elecirostrictive,  capacitive,  and  optoelectronic  properties.  The  domain  structures  of  relaxor 
(PbL-a)(Zr,Ti)03  (PLZT)  ceramics  are  difficult  to  study  using  transmission  electron  microscopy. 
However,  by  carefully  cooling  a  8.2/70/30  composition,  a  microdomain  contrast  could  be  detected, 
as  shown  in  Figure  2(a).  Under  the  irradiation  of  the  electron  beam,  the  domain  structure  is 
unstable.  By  agitating  the  structure  through  focusing/defocusing  the  beam,  the  domain 
configuration  transforms  to  a  more  stable  ordered  structure.  Figure  2(b).  It  is  believed  that 
thermally  induced  stresses  switch  the  microdomain  structure  to  a  new  domain  configuration. *3 

The  end-member  of  the  PZT  solid  solution,  PbTi03,  has  the  highest  transition  temperature 
(Tc  =  490  °C)  and  the  largest  strain  {da  -1  ~  6.5  %)  within  the  perovskite  family.  This  makes 
PbTiOs  ideal  material  to  study  by  transmission  electron  microscopy.  Doping  PbTi03  with 
lanthanum  (PLT)  reduces  both  the  phase  transition  temperature  and  the  characteristic  discontinuity 
of  the  first-order  transition.  A  systematic  study  of  the  structural  effect  of  lanthanum  on  the  polar 
domain  structure  in  PLT  ceramics  reveals  the  development  of  a  strain  texture  within  the  normal 
domains.  Figure  3(a),(b),(c).  Using  diffraction  contrast  invisibility  conditions,  we  were  able  to 
deduce  that  the  texture  is  the  result  of  a  non-uniform  spontaneous  deformation  along  the  c-axis 
within  the  domain.  As  shown  in  Figure  3(a),  for  a  sample  doped  with  1  atom  %  La,  there  is  no 
evidence  of  a  texture.  As  the  lanthanum  concentration  is  increased  from  between  5  and  10  atom  %, 
texturing  appears,  and  this  becomes  progressively  more  pronounced  with  increasing  dopant 
concentration.  When  the  dopant  concentration  reaches  25  atom  %,  a  normal  domain  structure  is 
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not  identified,  and  a  full  cross-hatched  or  "tweed"  domain  structure  is  observed  below  the 
transition  temperature,  Fig.  3d.  Similar  structures  have  been  observed  in  ferroelastic  systems  such 
as  YHa2(Ci!o.9Peo.03)307-S  and  Mg-  Cordierite.l'^»15  Inhomogeneous  polarization  distributions 
are  not  unique  to  the  PLZT  system,  but  also  exist  in  the  complex  lead  Pb(B'B")03  perovskite 
systems.  In  these  systems,  the  intermediate  scale  B-sitc  cation  ordering  is  the  source  of  the 
polarization  modulation. jn  order  to  further  our  understanding  of  the  polarization  variation  in 
these  materials,  we  need  to  develop  a  technique  to  quantify  the  polarization  gradients  and  defect 
structures.  In  this  regard,  the  potential  of  the  electron  holography  technique  is  discussed  below. 

Electron  Holoeraphv 

The  idea  of  using  cohereiU  electrons  in  electron  microscopy  was  proposed  in  1949  by 
Gabor  in  an  attempt  to  extend  the  limits  of  electron  microscope  resolution.*^  However,  tiiC 
realization  of  electron  holography  was  achieved  only  in  the  1980’s  owing  to  the  development  of  a 
coherent  field-emission  electron  beam.  Commercial  instruments  for  electron  holography  have  been 
developed  by  Hitachi  Ltd.  and  Philips  but  have  only  recently  become  available.  The  principle  of 
electron  holography  is  similar  to  that  of  optical  holography,  in  which  the  the  phase  and  amplitude 
of  the  electron  beam  are  recorded  simultaneously.  Because  the  phase  change  is  much  more 
sensitive  than  the  amplitude  variation,  more  information  can  be  gathered  from  holographic  images 
as  compared  with  conventional  and  high  resolution  electron  microscopy.  There  have  been  a  variety 
of  applications  for  this  new  technique  starting  since  1930,  especially  in  the  study  of  magnetic 
domains  and  fluxons  in  superconducting  materials.*^ 

Recently  the  possibility  of  using  the  holography  technique  to  study  ferroelectric  domain 
walls  and  ether  defect  structures  in  ferroelectrics  was  recognized.  Some  encouraging  results  have 
been  reported  on  the  profiles  of  domain  walls,  as  shown  in  Figure  4.*^  The  kink-like  electron 
interference  fringe  pattern  closely  resembles  the  space  profile  of  the  polarization  vector  across  a 
domain  wall  as  predicted  by  the  Landau-Ginzburg  model. Although  a  complete  theoretical 
description  of  the  fringe  profile  in  Ref.  18  is  not  cuirently  available,  the  fact  that  the  electric  field 
variation  can  be  probed  on  a  scale  less  than  I  A  is  both  exciting  and  promising. 

It  has  been  demonstrated  that  the  electron  holography  technique  may  also  be  used  to  study 
the  location  of  aliovalent  dopants  inside  crystal  structures  through  the  perturbed  local  electric  fields. 
As  shown  in  Fig.  4a  the  fringe  bifurcations  occurred  across  the  domain  wall.  Potential  contour 
reveals  there  are  charge  centers  attracted  to  the  domain  wall  (see  Figure  4b). 20  This  information 
may  lead  to  a  significant  advance  in  the  understanding  of  the  effect  of  dopants,  and  may  shed  new 
light  on  the  study  of  interactions  between  the  dopant'’  and  domain  walls  and  other  polarization 
modulations  as  described  above. 
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Quantitative  study  of  the  polarization  profiles  can  have  a  significant  impact  on  the 
fundamental  understanoing  of  ferroelectrics.  Once  the  relationship  between  the  fringe  variation  and 
the  polarization  space  profile  is  established,  one  can  obtain  the  polarization  gradient  coefficients 
through  back  fitting  the  observed  domain  profiles  to  the  theoretical  results  on  domain  walis7  These 
gradient  coefficients  are  a  measure  of  the  nonlocal  coupling  strength.  Using  lattice  dynamics,  one 
may  correlate  these  gradient  coefficients  to  the  dispersion  surface  near  the  soft  mode  of  the 
paraelectric-ferroelectric  phase  transition. 2*  Hence,  the  electron  holography  technique,  together 
with  the  continuum  model  described  in  Ref.  6,  can  potentially  provide  a  methodology  to  study  the 
characteristics  of  the  over  damped  soft  mode  in  systems  such  as  BaTi03,  which  could  not  be 
directly  probed  through  inelastic  neutron  scattering. 

As  a  new  technique,  many  problems  still  exist  in  the  electron  holography,  especially  with 
regard  to  the  interpretation  of  the  observed  fringes.  In  principle,  the  total  phase  shift  of  high 
energy  coherent  electrons  passing  through  a  ferroelectric  thin  sample  may  be  calculated  from  the 
following  equation^^ 

<l>(xo,yo)  =^J  V(xo,yo.z)dz 

where  X  is  the  electron  wavelength.  Xq  and  y©  define  the  point  on  the  thin  sample,  1  is  Lbe  electron 
energy,  and  V(xo,yoi2)  represents  the  electrical  potential  experienced  by  the  traveling  electrons. 
However,  V(xo,yo,z)  represents  the  total  potential,  and  it  is  quite  difficult  to  delineate  contributions 
from  the  “bound”  charges  (relevant  to  the  polarization)  and  the  “free”  charges  (relevant  to 
compensation).  We  believe  this  is  the  main  reason  for  the  inconsistencies  encountered  in  the 
current  studies  of  ferroelectrics  using  electron  holography.  More  theoretical  analysis  of  the 
interpretation  of  the  holography  results  is  in  order. 

Conclusions 

Observations  by  conventional  transmission  electron  microscopy  techniques  on  ferroelectric 
and  related  materials  reveal  a  variety  of  polarization  modulations  which  can  be  induced  when  there 
exists  coupling  of  the  primary  order  parameter  to  symmetry  breaking  defects.  From  the  evolution 
of  the  modulated  structures  and  domain  structures,  one  can  sec  some  link  between  these 
mesoscopic  structures  and  the  extrinsic  elasto-die-ectric  properties. 

A  new  electron-microscopy  technique  using  coherent  electrons  known  as  electron 
holography  opens  up  opportunities  in  the  study  of  domain  walls  and  defect  structures.  In  this 
technique,  phase  shifts  can  be  correlated  to  local  variations  of  the  elcctrost  l:  fieldc  within 
materials.  Further  development  of  this  new  technique  in  the  study  of  ferroelectrics  may  help  us  to 
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gain  new  insight  into  the  mechanisms  of  extrinsic  contributions  to  the  macroscopic  clasto-diclectric 
properties. 
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Figure  Captions 


Figure  1 .  Temperature  depcndance  of  the  dielectric  permittivity  of  doped-PZT  ceramics.  The 
theoredcal  value  from  the  Landau-Dcvonshirc  theory  is  also  shown. 

Figure  2.  (a)  Bright  field  image  of  liquid  nitrogen  cooled  PLZT  8.2/70/30  rclaxor  ferroelectric 

revealing  a  microdomain  structure.  ( b)  An  in  siiu  switched  pseudo-domain 
structure  of  (a). 

Figure  3  Bright  field  image  of  domain  structures  in  a  solid  solution  series 
(Pbi-3x/2Lax)Ti03  with  four  different  La  contents. 

Figure  4  An  electron  hologram  of  a  90°  domain  wall  in  BaTi03,  the  fringe  bending  is  related 
to  the  polarization  difference  across  the  domain  wall  (ref.  19). 

Figure  5  (a)  An  electron  hologram  showing  anomalous  fringe  bifurcations  in  a  90°  domain 

wall  in  BaTi03.  (b)  Electron  interferogram  of  the  same  area  of  (a)  shows  charge 
defect  centers  within  the  wall  (counesy  of  Drs.  D.  Joy  and  X.  Zhang).20 
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Lead  Zirconale  Titanate  Films  on  Nickel-Titanium  Shape  Memory 

Alloys:  SMARTIES 

Jaju  (',hcn.  Qi  Chang  Xu.  Michael  Ula-szkicwicz.  Ricliard  Meycr.  Jr.*  and  Rohcrl  K  NcvMiham’ 
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Thin  films  of  52/48  PZT  have  been  deposited  on  Ni-Ti  shape 
memory  alloys  using  a  sol-gel  spin*on  method.  .Microme¬ 
ter-thick  PZT  films  adhere  well  to  the  alloy  for  strains  as 
large  as  0.4^,  and  they  retain  their  ferroelectric  properties 
during  repeated  cycling  through  the  shape  memory 
transformation. 

1.  Introduction 

SMART  MATERIALS  have  ihc  ability  lo  perform  both  sensing 
and  actuating  functions.'  Passivi-ly  smart  materials,  such  as 
vanstors  and  positive  temperature  coefficient  thermistors, 
respond  to  external  change  in  a  useful  manner  without  assis¬ 
tance ,  whereas  aciively  smart  materials  have  a  feedback  loop 
which  allows  them  to  recognize  the  change  and  initiate  an 
appropriate  response  through  an  actuator  circuit.  Applications 
of  actively  smart  materials  include  vibration-damping  systems 
for  outer-space  platforms-  and  electrically  controlled  automo¬ 
bile  suspension  systems  using  a  multilayer  piezoelectric 
ceramic  as  both  sensor  and  actuator.' 

Poled  PZT  (PbZr,  ..Ti,0,)  ceramics  are  natural  candidates 
for  applications  as  smart  materials  because  of  Ihetr  sensitive 
response  to  weak  stresses  through  the  direct  piezoelectric  effect 
and  their  ability  to  generate  powerful  forces  by  means  ol  the 
converse  piezoclectnc  effect.  An  important  advantage  of  piezo¬ 
electric  actuators  is  that  the  strain  response  to  an  applied  elec¬ 
tric  field  IS  very  fast,  often  on  the  order  of  microseconds  Their 
pnncipal  disadvantage  is  that  the  magnitude  of  the  strain  is 
quite  small  (<10  ’),  generating  displacements  of  only  a  few 
micrometers  * 

Shape  memory  alloys.’  on  the  other  hand,  develop  very  sub¬ 
stantial  forces  and  strains  of  several  percent  or  more,  but  they 
are  very  slow  because  of  the  long  thermal  time  constants. 

By  combining  shape  memory  alloys  with  piezoelectric 
ceramics  we  intend  to  fabricate  a  family  of  smart  maienals 
which  retain  the  best  characteristics  of  both  types  of  actuators 
We  call  these  composites  “SMARTIES."  an  acronym  for 
"Shape  Memory  Actuators  and  Regulating  Transducers  for 
Intelligent  Electronic  Systems."  There  are  a  number  of  ways  in 
which  the  alloys  and  ceramics  can  be  assembled  in  different 
connectivity  patterns"  to  optimize  the  actuating  and  sensing 
functions.  In  this  report,  we  describe  a  simple  2-2  composite 
in  which  sol-gel  films  of  PZT  ate  laid  down  on  nbbons  of 
Ni-Ti  shape  memory  alloy.  Subsequent  papers  will  describe 
SMARTIK  with  1-3  connectivity*  and  strain-amplifying 
mechanisms  similar  to  the  moonie.’-' 
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II.  Preparation  and  Characterization 

Thin  films  of  PZT  (52/4g)  were  coaled  on  a  shape  niemorv 
alloy  foil  using  a  sol-gel  spin-on  technique.  Preparaiion  of  the 
films  involved  the  following  processing  slops  Lead  aceiaie  iri- 
hydraie  was  dissolved  in  2-niethoxyeihanol  at  70'C  and 
refluxed  The  water  of  hydration  from  this  lead  precursor  was 
distilled  through  a  reflux  condenser  to  lacilitale  the  addition  of 
moisture  sensitive  alkoxides  of  tiianium  and  zirconium  The 
byproducts  of  the  reaction  were  expelled,  following  prolonged 
refluxing,  at  I25"C.  The  soluiion  was  partially  hydrolyzed,  and 
a  controlled  amount  of  acid. or  base  was  added  as  caiaKst 
Films  were  fabricated  by  a  mulfistcp  spin-on  technique,  with 
pyrolysis  al  4(X)°C  after  each  step  lo  remove  the  organics  Films 
were  built  up  to  the  desired  thickness  and  then  crystallized  to 
obtain  Ihe  perovskile  phase  by  annealing  at  temperatures  above 
500°C 

The  Ni-Ti  shape  memory  alloys  were  commercially  supplied 
iShape  Memory  Applications.  Inc..  Sunnyvale.  CA)  Square 
foils.  25  mm  x  25  mm  x  0  1  mm,  were  used  in  the  initial 
experiments.  The  martensite-austenite  phase  transformaiion 
was  at  82°C  Prior  to  coating  with  PZT.  the  foils  were  cleaned 
using  consecutive  washes  of  acetone.  NH,OH.  and  HCI 
The  fired  PZT  films  were  characterized  by  X-ray  diffraction 
Ail  lines  were  indexed  on  the  perovskile  unit  cell,  cc.  sisieni 
with  single-phase  behavior.  Scanning  electron  microscopy 
images  indicated  a  gram  size  of  less  than  I  um 
TTie  dielectric  properties  of  (he  PZT  thin  film  were  assessed 
in  terms  of  the  dielectric  constant  e,  and  loss  factor  lan  b 
Dielectric  measuremenis  were  conducted  using  an  impedance 
analyzer  iModel  4I92A.  Hewlett-Packard  Co  ,  Palo  Alto  CA) 
at  nx)m  temperature  Gold  elecirodes.  0  6  mm  in  diameter, 
were  sputtered  on  the  top  of  the  film  The  Ni-Ti  alloy  was  used 
as  the  counter  electrode.  The  capacitance  spots  \aned  by  less 
than  5%.  indicating  a  satisfactory  degree  of  homogeneity  in  the 
properties  of  the  film  The  permittivity  and  loss  factor  of  a 
0  b-ytm  film  were  measured  over  a  frequency  range  from  10 
kHz  to  10  MHz  The  relaxation  frequency  of  the  film  was  about 
2  MHz.  which  implies  that  the  film  has  a  thin  inierfacial  layer 
but  can  be  used  at  moderately  high  frequencies  The  dielectric 
constant  and  toss  factor  at  100  kHz  were  about  700  and  0  U.L 
respectively,  comparable  to  that  of  the  bulk  ceramics  * 

Ferroelectric  hysteresis  was  examined  using  a  kx’p  tracer  to 
follow  the  polarization  reversal  behavior  of  the  films  The  satu¬ 
ration  field  of  a  0.6-|xm  PZT  film  on  Nmnol  (Nickel-Titamum 
Naval  Ordnance  Laboratory  alloy)  was  about  100  kV/cm  with  a 
remanent  polarization  value  of  15  )i.C/cm'. 

111.  Shape  Memory  Experiments 

Mechanical-  and  electrical-testing  experiments  were  con¬ 
ducted  on  a  second  specirrKn  consisting  of  a  PL2T  film  depos¬ 
ited  on  Nitinol  using  Ihe  same  sol-gel  spin-on  method.  A 
rhombobedral  6/65/35  PLZT  film  was  fired  on  Ni-Ti  alloy  at 
700°C  for  15  s  to  a  final  thickness  of  1 .4  yim.  A  number  of  gold 
spot  electrodes  0.6  mm  in  diameter  were  again  spuiiered  on  the 
upper  surface  of  the  PLZT.  The  substrate  was  a  Ni-Ti  alloy  nb- 
bon  23  mm  long.  3  mm  wide,  and  0. 1  mm  thick. 
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The  objecove  of  ihis  v^as  lo  assess  the  tliciecinc  behav- 
lor  of  the  ferroelecinc  him  as  (he  meiui  substrate  underwent  its 
shape  memory  cycle  First,  the  SMARTIE  composite  him  was 
examined  under  an  optical  microscope  and  its  electneal  proper¬ 
ties  measured  The  dielectric  constant  at  500  Hz  was  1 160  and 
the  loss  tangent  was  0.02.  The  hysteresis  loop  obtained  with  a 
Sawyer-Tow-er  circuit  gave  a  remnant  polarization  of  36  7 
M.C'cm\  very  close  lo  the  bulk  value  of  34.8  p-C'cm  The 
coercive  field  of  91  kV^cm  was  only  slightly  larger  than  the 
reported  bulk  value  of  8  7  kWem. 

Next,  the  composite  film  was  bent  around  a  2  5-cm  diumcier 
mandrel  corresponding  to  an  elongation  of  0.45f-  The 
SMARTIE  film  was  then  heated  on  a  hot  plate  to  a  temperature 
above  the  82°C  martensilic-ausienitic  phase  transformation  of 
the  shape  memory  alloy,  causing  it  lo  revert  back  to  the  original 
Hal  shape.  No  change  in  the  adhering  PLZT  film  was  observed 
under  microscopic  examination  The  electrical  properties  were 
remeasured  and  remained  unchanged 

Considerable  cracking  was  observed  when  ihe-bitaycr  com- 
p'siie  was  bent  around  a  I  9-cm-diamelcr  mandrel,  ecjuivalenl 
to  a  strain  of  1)  5'.i  Numerous  fractures  caused  the  electrode  to 
lilt  off  the  surface,  and  even  after  the  substrate  was  heated  back 
to  Its  onginal  shape,  cracking  was  still  evident  and  the  open- 
circuii  condition  remained 

Similar  mechanical  behavior  was  observed  for  the  PZT  films 
deposited  on  the  shape  memory  alloy  Both  types  of  tilms  were 
deposited  on  films  in  which  the  major  axis  of  the  ribbon  was 
perpendicular  to  the  rolling  direction  of  the  shape  memory 
alloy  The  icxiure  of  the  Ni-Ti  alloy  surfaces  adversely  affected 
the  mechanical  strength  of  the  femvelectnc  films 


IV.  Summary 

Thin  films  of  PZT  and  PLZT  have  been  successfully  grown 
on  shape  memory  alloy  substrates  with  Ixvth  the  ferroelectric 
and  the  shape  memory  alloy  retaining  their  useful  properties 
Measurements  of  the  piezoelectric  propenies  arc  in  progress 
and  wie  expect  to  develop  a  family  of  smart  composites,  two- 
stage  actuators,  and  tunable  transducers'"  from  these  bilaver 
SMARTIES. 
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Metal-Ceramic  Composite  Actuators 


Yutaka  Sugawara,  Katsuhiko  Oniisuka,*  Shoko  Yoshikawa  *  Qichang  Xu, 

Robert  E.  Newnhatn,*  and  Kenji  Uchino* 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 


A  new  type  of  actuator  composed  of  metal  (brass)  end  caps  and 
piezoelectric  ceramics  has  been  developed  as  a  displacement 
transducer.  Shallow  cavities  positioned  between  the  metal  caps 
and  the  central  ceramic  disk  convert  and  amplify  the  radial 
displacement  of  the  piezoelectric  ceramic  into  a  large  axial 
motion  of  the  metal  end  caps.  Large  du  coefficients  exceeding 
2500  pC/N  are  obtained  with  the  composite  actuators.  The 
behavior  of  the  electrically  induced  strain  with  geometric  vari¬ 
ables,  such  as  the  thickness  of  the  metal  end  caps,  and  with 
pressing  force  and  driving  frequency  has  been  evaluated.  Size¬ 
able  strains  are  obtained  with'both  PZT  (piezoelectric  lead 
zirconate  titanate)  and  PMN  (electrostrictive  lead  magnesium 
niobate)  ceramics.  (Key  words:  actuator,  ceramic-metal  sys¬ 
tems,  piezoelectric  properties,  strain,  geometry.] 

I.  Introduction 

IN  RECENT  years,  piezoelectric  and  electrostrictive  ceramics 
have  been  used  as  displacement  transducers,  precision  micro¬ 
positioners,  and  in  many  other  actuator  applications.'  An  im¬ 
portant  drawback  to  these  devices,  however,  is  the  fact  that 
the  magnitude  of  strain  in  piezoelectric  ceramics  is  limited  to 
about  U,  1%.  Magnification  mechanisms  have,  therefore,  been 
developed  to  produce  sizeable  displacements  at  low  voltages. 
The  two  most  common  types  are  the  multilayer  ceramic  ac¬ 
tuator  with  internal  electrodes  and  the  cantilevered  bimorph 
actuator.  The  multilayer  actuator  produces  a  large  force  at  low 
voltages,  but  large  displacements  are  not  obtained.  Bimorphs, 
on  the  other  hand,  produee  large  displacements  up  to  hun¬ 
dreds  of  micrometers,  but  the  forces  are  very  small.  Therefore, 
there  is  a  need  for  another  type  of  magnification  giving 
sizeable  displacement  with  sufficient  force  to  conduct  actua¬ 
tor  applications. 

A  cross  section  of  a  newly  patented  ceramic-metal  compos¬ 
ite'  is  shown  in  Fig,  I .  It  is  called  the  “Moonie"  because  of  the 
moon-shaped  spaces  between  the  metal  end  caps  and  the 
piezoelectric  ceramic.  Originally,  this  composite  was  designed 
as  a  hydrophone,  and  the  hydrostatic  piezoelectric  properties 
were  reported  elsewhere.' 

Referring  to  Fig.  1.  the  radial  motion  of  the  piezoelectric 
ceramic  is  converted  into  a  flextensional  motion  in  the  metal 
end  caps.  As  a  result,  a  large  displacement  is  obtained  in  the 
direction  perpendicular  to  the  ceramic  disk.  This  is  the  basic 
principle  of  the  composite  actuator  described  in  this  paper. 

il.  Effective  Piezoelectric  Coefficient 

Poled  PZT  (Pb(Zr,Ti)Oj)  ceramics  are  strongly  piezoelec¬ 
tric.*  Under  an  applied  electric  field,  the  ceramic  expands  lon¬ 
gitudinally  through  d»  and  contracts  transversely  through  dj,. 


G.  H.  H»erlling-conlribuling  edilor 


Mjnujcripl  No  196210.  Received  December  19.  1991;  approved  Febru¬ 
ary  6.  1992 

•Member,  American  Ceramic  Society. 


Therefore,  in  the  Moonie  structure,  the  axial  displacement 
comes  from  two  different  sources.  One  is  the  longitudinal  dis¬ 
placement  of  the  ceramic  itself  through  dn',  the  other  is  the 
flextensional  motion  of  the  metal  arising  from  the  radial  mo¬ 
tion  of  the  ceramic  and  dj,.  The  two  contributions  add  to¬ 
gether  to  give  unusually  large  displacements  which  can  be 
described  by  an  effective  di,  coefficient. 

The  t/jj  coefficient  relates  strain  and  electric  field  in  the  pol¬ 
ing  direction  and  is  often  used  to  compare  different  piezoelec¬ 
tric  materials.  In  a  weak  piezoelectric,  such  as  quartz,  da  is 
approximately  I  pC/N,  and  is  about  an  order  of  magnitude 
smaller  than  an  average  piezoelectric,  such  as  poly(vinylidenc 
fluoride).  Strong  piezoelectrics,  such  as  BaTiOj  or  PZT  have 
piezoelectric  coefficients  larger  than  100  pC/N.  Effective  d)} 
values  in  excess  of  10(X)  pC/N  are  obtained  for  the  composite 
structures  reported  in  this  paper. 

III.  Sample  Preparation  and  Measurement  Technique 

The  initial  objective  of  the  research  was  to  make  an  actua¬ 
tor  capable  of  very  large  displacements,  and  to  evaluate  its  per¬ 
formance  under  dc  and  ac  drive. 

The  composite  actuators  were  made  from  electroded  PZT 
5A  disks  (11  mm  in  diameter  and  1  mm  thick)  and  b'-tss  end 
caps  (13  mm  in  diameter  and  thicknesses  ranging  from  0.4  to 
3  mm).  Shallow  cavities  6  mm  in  diameter  and  150  center 
depth  were  machined  into  the  inner  surface  of  each  brass  cap. 
The  PZT  disk  and  the  end  caps  were  bonded  around  the  cir¬ 
cumference,  taking  special  care  not  to  fill  the  cavity  or  short 
circuit  the  ceramic  electrodes.  Silver  foil  (25  thickness) 
and  silver  paste  were  used  as  bonding  materials.  The  compos¬ 
ite  was  heated  to  6(X)°C  under  stress  to  solidify  the  bond.  After 
cooling,  the  actuator  was  encapsulated  around  the  circumfer¬ 
ence  in  epoxy  resin  (Spurrs)  followed  by  curing  at  70°C  for 
12  h.  Electrodes  were  attached  to  the  brass  end  caps  and  the 
ceramic  was  poled  at  2.5  MV/m  for  15  min  in  an  oil  bath  held 
at  UO'C. 

The  direct  piezoelectric  coefficient  was  measured  at  a  fre¬ 
quency  of  )(K)  Hz  using  a  d]\  meter  (Berlincourt,  Channel 
Products,  Inc..  Chesterland,  OH).  The  converse  piezoelectric 
coefficient  of  the  ceramic  was  determined  with  a  laser  inter- 


^3  t 


Silver 


Metal  bonding 


Fig.  1.  Composite  Moonie  actuator. 
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Fig.  2.  Resonance  frequency  (/,)  and  dyy  coefficient  plotted  as  a 
function  of  the  thickness  of  the  brass  end  caps. 


Brast  'i  hicknast  (mm) 

Fig.  4.  Maximum  displacement  plotted  as  a  function  of  brass 
thickness. 


feromcter.  Displacements  of  the  composite  actuator  were 
measured  by  a  linear-voltage  differential  transducer  (LVDT) 
having  a  resolution  of  approximately  0.05  pttn.  The  effective 
coefficient  of  the  composite  was  obtained  by  dividing  the 
strain  by  the  applied  electric  field.  In  comparing  the  resulting 
dia  with  that  of  a  ceramic,  it  was  important  to  use  the  total 
thickness  of  the  composite  in  calculating  the  field-induced 
strain.  Resonant  frequencies  were  obtained  with  a  low- 
frequency  impedance  analyzer  (Model  No.  4192A,  Hewlett- 
Packard  Co.,  Palo  Alto,  CA). 

IV.  Experimental  Results 


breakdown  field  of  PZT.  The  largest  displacments  were  ob¬ 
tained  with  actuators  having  thin  end  caps.  By  loading  the 
actuators  with  weights  it  was  demonstrated  that  even  thin  end 
caps  are  capable  of  exerting  forces  in  excess  of  2  kgf. 

A  few  experiments  have  also  been  conducted  with  actuators 
incorporating  PMN  (lead  magnesium  niobale)  ceramics.  PMN 
does  not  need  to  be  poled  because  it  utilizes  the  electr.  jiric- 
tive  effect  rather  than  piezoelectricity.  As  shown  in  Fig.  5, 
displacements  as  large  as  10  arc  obtained  with  PMN  and 
brass  end  caps  0.4  mm  thick.  Corresponding  cirves  for  the 
composite  containing  PZT,  and  tor  the  uncapped  PZT  and 


Figure  2  shows  the  dyy  coefficient  and  resonant  frequency 
plotted  as  a  function  of  the  brass  thickness.  As  expected, 
thinner  end  caps  flexed  easier,  resulting  in  larger  piezoelectric 
coefficients.  The  values  were  measured  at  the  center  of  the 
brass  end  caps  using  the  Bcriincourt  d}<  meter.  Values  as  high 
as  2500  pC/N,  approximately  5  times  that  of  PZT  5A,  were 
obtained  with  the  Moonie  actuator.  A  spectrum  analyzer  was 
used  to  measure  the  fundamental  ficxtensional  resonant  fre¬ 
quency.  The  resonant  frequency  decreased  rapidly  with  de¬ 
creased  brass  thickness,  dropping  to  less  than  20  kHz  for  a 
thickness  of  0.4  mm. 

Piezoelectric  effects  are  largest  near  the  center  of  the  trans¬ 
ducer  where  the  flexural  motion  is  largest.  The  values  meas¬ 
ured  as  a  function  of  position  with  a  Berlincourt  djy  meter  arc 
shown  in  Fig.  3.  Plots  are  shown  for  two  brass  thicknesses  of 
0.4  and  3.0  mm.  Ample  working  areas  of  several  square  milli¬ 
meters  are  obtained  with  the  actuators. 

Maximum  displacements  obtained  with  the  Moonie  actua¬ 
tors  are  shown  in  Fig.  4.  The  values  were  recorded  with  the 
LVDT  system  and  a  field  of  1  MV/m,  which  is  well  below  the 


-10  -  5  0  S  to 

poallion  (mm) 


Fig.  3.  Positional  dependence  of  the  dyy  coefficient  for  two  actua¬ 
tors  with  brass  thickness  of  0.4  and  3.0  mm. 
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Fig.  5.  Displacements  measured  for  composite  actuators  driven 
by  PZT  and  kMN  ceramics.  Displacement  for  the  uncapped  ceram¬ 
ics  are  shown  for  comparison. 


Fig.  6.  Illusiraiion  of  stacked  composite. 
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PMN  ceramics,  are  shown  in  Fig.  5  as  well.  The  composites 
produce  a  strain  amplification  of  about  5  times. 

V.  Conclusions 

A  new  type  of  actuator  has  been  constructed  from  piezoelec¬ 
tric  PZT  ceramics  bonded  to  metal  end  caps.  Shallow  spaces 
under  the  end  caps  produce  substantial  increases  in  strain  by 
combining  the  da  and  d^  contributions  of  the  ceramic.  Even 
larger  displacements  are  obtained  using  PMN  eiectrostrictive 
ceramics.  Further  improvements  in  actuator  performanc"  're 
expected  using  improved  materials  and  design.  Drr,  .iig 
voltages  can  be  reduced  using  multilayer  ceramics,  and  larger 


displacements  can  b;  obtained  using  multi-Moonie  stacks 
(Fig  6). 
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ABSTRACT 

The  main  objective  of  this  work  was  to  develop  a  new  type  of  actuator.  It 
consists  of  a  piezoelectric  ceramic  disk  or  multilayer  stack  and  two  metal  end 
plates  with  a  crescent-shaped  cavity  on  the.  innec surface.  The  plates  are  used  as 
mechanical  transformers  for  converting  and  amplifying  the  lateral  displacement 
of  the  ceramic  into  a  large  axial  motion  in  the  plates.  Both  d3i  and  d33 
contribute  to  the  axial  displacement.  Sizeable  strains  were  obtained  with  both 
PZT-metal  and  PMN-metal  actuators.  Displacement  amplification  principle, 
fabrication,  and  measurement  results  are  presented. 


INTRODUCTION 


In  recent  years,  piezoelectric  and  electrostrictive  ceramics  have  been  used  in 
many  actuator  applications.  The  two  most  common  types  of  actuator  are  a 
multilayer  ceramic  actuator  wiili  internal  electrodes  and  a  cantilevered  bimorph 
actuatorUl.  A  frame  structure  for  displacement  amplifier  in  impact  printer  head 
has  also  been  developed  using  piezoelectric  multilayer  actuators  ^^1. 

This  paper  describes  a  new  type  of  ceramic-metal  composite  actuator  which 
is  based  on  the  concept  of  a  flextensional  transducert^l.  The  ceramic  is  excited  in  an 
extensional  mode  and  the  metal  plates  in  a  flexure  mode.  The  metal  plates  are  used 
as  a  mechanical  transformer  for  transforming  the  high  mechanical  impedance  of  the 
ceramic  to  the  low  mechanical  impedance  of  the  load.  Therefore,  a  large  effective 
piezoelectric  coefficient.  d33.  exceeding  4000  pC/N  as  well  as  a  hydrostatic 
piezoelectric  coefficient  dh,  exceeding  800  pC/N  can  be  obtained  from  a  s’mgle  PZT 
disk-metal  (brass)  compositel'^l. 


PRINCIPLE 


The  extensional  mode  of  the  piezoelectric  ceramic  element  is  characterized 
by  a  large  generated  force,  a  high  electromechanical  coupling,  a  high  resonant 
frequency,  and  a  small  displacement.  Often  it  is  desirable  to  use  a  compact  structure 
to  magnify  the  displacement  of  the  ceramic  element.  Figure  1  shows  the  basic 
configuration  of  the  ceramic-metal  composite  actuator.  The  ceramic  element  can 
either  be  a  piezoelectric  ceramic  or  an  electrostriciive  ceramic  with  single  layer  or 
multilayer.  Low  driving  voltages  can  be  used  for  the  multilayer  ceramic  element. 
The  electrostrictive  ceramic  is  expected  to  reduce  hysteresis  as  well  as  exhibit  a 
nonlinear  relationship  between  the  voltage  and  the  displacement. 
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FIGURE  1 .  The  geometry  of  the  composite. 

The  “Moonie"  metal  plates  are  used  as  displacement  magnifiers.  The 
relationship  between  the  displacement  of  the  metals  and  the  geometry  of  the  metals 
and  the  ceramic  is  explained  below.  For  simplicity,  consider  a  curved  beam  with 
small  curvature  bonded  to  a  ceramic  bar  (Figure  2).  According  to  elastic  theory  [5], 
the  bending  moment  M  under  an  eiectroactive  force  from  the  ceramic  is  as  eq.  (1); 
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The  eiectroactive  force  will  be  transmitted  to  the  Moonie  metal.  The  stress  in 


the  metal  is: 
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FIGURE  2.  Simplified  model  for  displacement  magnification. 
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where  d 
E3 
Yc 

Ac.  Am 


and  r  ~  a  ~  b. 


piezoelectric  strain  coefficient  of  the  ceramic, 
electric  field  in  the  ceramic. 

Young’s  modulus  of  the  ceramic, 

cross  sectional  area  of  the  ceramic  and  metal,  respectively. 


The  normal  displacement  of  the  metal  produced  by  the  piezoelectric  effect  of 
the  ceramic  is: 
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hm  =  thickness  of  the  metal 

Ym  =  Young’s  modulus  of  the  metal 
V  =  applied  voltage 

Im  =  moment  of  inertia  of  the  metal 
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For  the  electrostrictive  effect: 


Qe  E 


(5) 


Q  =  electrostrictive  coefficient  of  the  ceramic 

£  =  permittivity 

Tlie  displacement  of  the  metal  by  the  electrostrictive  effect  is  then: 


(6) 
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The  transverse  displacement  at  the  end  of  the  ceramic  bar  is: 


5  =  s!Xz. 


and  the  displacement  conversion  ratio  is: 

y.-  3 
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(7) 


Equations  (3)  and  (6)  explain  how  the  normal  displacement  U  of  the  metal  is 
related  to  the  transverse  piezoelectric  or  electrostrictive  effect  of  the  ceramic.  The 
total  displacement  is  the  sum  of  the  displacement  described  above  and  the 
displacement  due  to  longitudinal  effects. 

The  lowest  resonant  frequency  of  the  actuator  is  a  flextensional  mode  which 
is  determined  mainly  by  the  stiffness  of  the  ceramic  in  a  planar  mode  and  the 
equivalent  mass  of  the  metal  plate.  The  equivalent  mass  is  much  larger  than  the  real 
mass  of  the  metal  plate  because  the  vibration  velocity  of  the  metal  part  is  much 
larger  than  the  reference  velocity  of  the  PZT.  The  equivalent  mass  is 
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Mm  =  Pm^m  =  Pm  ^  hm  L. 


When  the  hc/hm  r^tio  is  high  and  km  «  kc, 

the  resonant  frequency  of  the  lowest  flextensional  mode  is; 
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The  Me  is  much  larger  than  the  real  mass  of  the  metal. 

Here  kc  =stiffness  of  ceramic 
km  =stiffness  of  metal  plate 

fc  ^resonant  frequency  of  planar  mode  of  the  ceramic  itself. 
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From  equation  (8)  the  lowest  flextensional  frequency  fft  is  proportional  to  V  hm- 
SAMPLE  PREPARATION 

The  composite  actuators  were  made  from  electroded  PZT5A  or  PMN-PT 
ceramic  disks  (11  mm  in  diameter  and  1  mm  thick)  and  brass  end  caps  (from  11 
mm  to  13  mm  in  diameter- with  thicknesses  ranging  from  0.2  to  3  mm).  Shallow 
cavities  from  6  mm  to  8.5  mm  in  diameter  and  about  150  pm  center  depth  were 


machined  into  the  inner  surface  of  each  brass  cap.  The  ceramic  disk  and  the  end 
caps  were  bonded  around  the  circumference,  taking  care  not  to  fill  the  cavity  or  short 
circuit  the  ceramic  electrodes.  Three  kinds  of  bonding  materials  have  been  utilized: 


1.  Silver  foil  (25  urn  thickness)  and  silver  paste  bonding. 

This  composite  was  heated  to  600*C  under  stress  to  solidify  the  bond.  After 
cooling,  the  actuator  was  encapsulated  using  Spurr’s  epoxy  resin,  followed  by 
curing  at  70*C  for  12  hours.  Electrodes  were  attached  to  the  brass  end  caps  and  the 
PZT  ceramic  was  poled  at  2.5  MV/m  for  15  minutes  in  an  oil  bath  held  at  120*C. 

1  Pb-Sn-Ag  Solder  Bonding. 

The  PMN-PT  or  poled  PZT  and  the  brass  end  caps  with  the  Pb-Sn-Ag 
solder  ring  (thickness  50  pm)  were  heated  to  190*C  under  pressure.After  cooling, 
the  compo.site  was  encapsulated  using  epoxy  resin. 

3.  Epoxy  Resin  Bonding. 

The  brass  end  caps  and  the  ceramic  were  bonded  by  Emerson  &  Cuming 
epoxy  resin  around  the  rim  at  room  temperature. 

An  electrostrictive  actuator  was  made  from  a  multilayer  ceramic  stack  and  a 
brass  beam  and  bonded  to  the  Moonie  inner  surface  with  an  epoxy  (Figure  3).  This 
composite  demonstrates  that  a  sizeable  displacement  can  be  produced  under  low 
driving  voltage  using  a  multilayer  ceramic  stack. 

EXPERIMENT  RESULTS 

The  displacement  of  the  composite  actuator  in  the  low  frequency  range  was 
measured  with  a  Linear  Voltage  Differential  Transducer  (LVDT)  having  a  resolution 
of  approximately  0.05  pm.  The  direct  piezoelectric  coefficient  d33  was  measured  at 
a  frequency  of  100  Hz  using  a  Berlincourt  d33  meter.  The  displacement-frequency 
dependence  was  measured  with  a  double  beam  laser  interferometer. 
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Resonant  frequencies  were  obtained  with  a  Hewlett-Packard  Spectrum  Analyzer 
(HP-3585A)  or  Network  Analyzer  (HP-3577A). 


FIGURE  3.  Another  type  of  ceramic-metal  composite 
actuator  with  multilayered  ceramic  part. 

1.  Displacement  Measurement 

Figure  4  shows  the  displacements  versus  electric  field  curves  for  composite 
actuators  driven  by  PZT  and  PMN  ceramics.  Displacements  for  the  uncapped 
ceramics  are  shown  for  comparison.  PMN  does  not  need  to  be  poled  because  it 
utilizes  the  electrostrictive  effect  rather  than  piezoelectricity.  Dimensions  of  the 
PMN  composite  sample  in  Figure  6  are  as  follows:  d=13  mm.  dp=ll  mm.  h=150 
pm.  dc=6  mm,  hp  =  l  mm,  and  hm=0.4  mm.  The  dimensions  of  the  PZT 
composite- 1  sample  are:  d=dp=Il  mm,  h=50  pm,  dc=7  mm,  hp=l  mm.  and 
hni=0.5  mm.  Both  of  the  uncapped  PZT  and  PMN  ceramics  have  the  same  size, 
dp=ll  mm  and  hp=l  mm.  The  experimental  results  show  that  the  composites 
produce  a  strain  amplification  of  about  10  times.  A  displacement  of  about  10  urn 
can  be  obtained  under  a  field  of  1  kV/mm.  By  loading  these  actuators  with  weights, 
it  is  capable  of  exerting  forces  in  excess  of  2  kgf. 
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FIGURE  4.  Displacements  measured  for  composite  actuators  driven  by 
PZT  and  PMN  ceramics.  Displacement  for  the  uncapped 
ceramics  are  shown  for  comparison. 

As  shown  in  Equation  3  and  Equation  6,  the  displacement  amplification  is 
dependent  on  the  thickness  of  metal  hm  and  cavity  diameter  dc-  The  sample  PZT 
composite-2  with  dimensions  d=dp=ll  mm,  hp=l  mm.  h=200  pm,  hnv=0.3  mm, 
and  dc=8.5  mm  exhibits  sizeable  displacements  -  as  large  as  20  pm  with  a  force 
capability  of  0.15  kgf  (see  Figure  5). 
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FIGURE  5.  Displacement  vs.  field  curves  under  different  exerty  forces 
for  the  sample  PZT  composite-2. 
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The  124  layer  electrostrictive  composite  actuator  shown  in  Figure  3  gave  the 
displacement  exhibited  in  Figure  6.  More  than  15  pm  displacement  can  be  obtained 
under  an  applied  voltage  of  150V.  Notice  that  this  experimental  result  is  obtained 
with  only  one  metal  end-cap  on  the  ceramic  stack.  If  the  convex  or  concave  metal 
end-caps  are  placed  on  both  sides  of  the  ceramic  stack,  more  than  30  pm 
displacement  will  be  obtained  under  the  applied  voltage  of  150V.  Displacements  for 
the  uncapped  multilayer  ceramic  in  the  same  direction  are  shown  for  comparison. 
The  lowest  flextensional  resonant  frequency  for  the  composite  is  6.4  kHz. 
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FIGURE  6.  Displacement  with  increase  in  applied  voltage  of  the 
multilayer  ceramic-metal  composite  actuator  using  an 
electrostrictive  ceramic  stack  and  a  brass  end  cap. 

2.  Thickness  Dependence 

Figure  7  shows  the  effective  d33  coefficient  and  resonant  frequency  plotted 
as  a  function  of  the  brass  thickness.  As  expected  in  Eq.  (4)  and  Eq.  (8).  the 
effective  d33  is  proportional  to  l/hm  and  the  lowest  resonant  frequency  is 
proportional  to  vTi^.  The  d33  values  were  measured  at  the  center  of  the  brass  end 
caps  using  a  Berlincourt  d33  meter.  Values  as  high  as  4000  pC/N,  approximately 
10  times  that  of  PZT5A,  were  obtained  with  the  Moonie  actuator. 
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FIGURE  7.  Resonance  frequency  f,  and  d33  coefficient  plotted  as 
a  function  of  the  thickness  of  the  brass  endcaps. 

Piezoelectric  effects  are  largest  near  the  center  of  the  transducer  where  the 
flexural  motion  is  largest.  The  effective  values  measured  as  a  function  of  position 
with  a  Berlincourt  meter  are  shown  in  Figure  8.  Plots  are  shown  for  two  brass 
thicknesses  of  0.4  and  3.0  mm.  Ample  working  areas  of  several  mm^  are  obtained 
with  the  actuators. 
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FIGURE  8.  Positional  dependance  of  the  d33  coefficient  for  two 

actuators  with  brass  thicknesses  of  0.4mm  and  3.0mm. 
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3.  Resonant  Frequency-Temperature  Dependence 

The  lowest  flexiensional  frequency  of  the  PZT-brass  composite  with  Pb-Sn- 
Ag  solder  bond  and  without  epoxy  encapsulation  decreases  with  temperature  as 
shown  in  Figure  9.  This  is  probably  due  to  the  high  stress  in  the  PZT  ceramic 
arising  from  thermal  stresses  set  up  by  the  metal. 


FIGURE  9.  Resonance  frequency  vs.  Temperature 

4.  Electrode  Effect 

Figure  10  shows  the  effective  piezoelectric  d33  coefficient  of  the  composite 
increases  with  electrode  area  of  PZT.  This  means  that  all  the  PZT  is  contributing 
uniformly  to  the  displacement. 

5.  Creep 

Keeping  a  field  of  1  kV/mm  on  the  composite  sample  with  epoxy  bonding 
for  two  hours,  no  displacement  change  was  observed  by  LVDT  measurement  (see 
Figure  1 1 )  after  one  hour. 
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FIGURE  10.  Effective  d33  vs.  electrode  area  of  ceramic. 


FIGURE  11.  Creep  under  field  of  IkV/mm 
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CONCLUSIONS 

A  new  type  of  actuator  has  been  constructed  from  piezoelectric  PZT 
ceramics  bonded  to  metal  end  caps.  Shallow  spaces  under  the  end  caps  produce 
substantial  increases  in  strain  by  combining  the  d33  and  d3i  contributions  of  the 
ceramic.  Even  larger  displacements  were  obtained  using  PMN  electrostrictive 
ceramics. 

The  displacement  is  inversely  proponional  to  the  metal  thickness. 

The  displacement  is  proportional  to  the  area  of  the  driving  ceramic. 

The  creep  under  1  kV/mm  is  very  small  after  one  hour. 

The  lowest  resonant  frequency  is  proportional  to  the  square  root  of  the  metal 
thickness. 

Further  improvements  in  actuator  performance  are  expected  using  iniproved 
materials  and  design.  Driving  voltages  can  be  reduced  using  multilayer  ceramics, 
and  larger  displacements  can  be  obtained  usir  g  multimoonie  stacks  (Figure  12). 


FIGURE  12.  Illustration  of  stacked  composite. 
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